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WELDABILITY  AS  A  METALLURGICAL  CONCEPT  - 
A  DEFINITION 

As  a  result  of  the  heat  Influence  to  which 
a  steel  is  exposed  in  any  form  of  welding,  the 
material  undergoes  certain  changes,  some  of 
which  are  permanent.  These  changes  may  oc¬ 
cur  as  micro  structure  transformations  during  the 
cycle  of  heating  and  cooling,  or  es  changes  in 
shape  or  dimensions  due  to  thermal  stresses. 

A  steel  which  can  be  welded  without  applica¬ 
tion  of  complicated  precautions  to  avoid  dan¬ 
gerous  consequences  of  these  changes  regard¬ 
ing  the  stability  of  the  welded  structure  is  said 
to  possess  good  weldability." 

If,  for  certain  steels,  on  the  other  hand,  a 
normal  welding  process  will  imply  serious  dan¬ 
ger  of  causing  failure  in  a  welded  component 
due  to  the  changes  m'lntioned  or  if  actual  de¬ 
fects,  such  as  cracking,  occur  already  during 
welding  or  immediately  after,  certain  precau¬ 
tions  must  be  taken  or  special  pre-  and/or 
post-treatments  carried  out.  Such  steels  are 
said  to  possess  limited  weldability.^ 

The  term  "unweldable  steels"  is  not  real¬ 
istic.  Any  steel  can  be  welded  provided  cor¬ 
rect  metallurgical  conditions  are  chosen. 
Sometimes,  however,  these  conditions  may  be 
impossible  to  realize  In  practical  production 
work.  The  rapid  heating  and  cooling  cycles 
applied  to  a  steel  by  welding  may  be  charac¬ 
terized  as  a  thermal  shock  influence  or  a  series 
of  such  influences  on  the  steel.  The  weldabil¬ 
ity  grade  can  be  regarded  as  the  ability  of  the 
steel  to  withstand  this  thermal  shock  attack. 

The  weldability  concept  is  complex  and 
therefore  difficult  to  define.  Still  it  is  one  of 
the  commonly  used  metallurgical  terms.  It  is 
indeed  not  quite  clear  what  is  meant,  in  dally 
talk,  by  a  weldable  steel.  Moreover  the  word 
"weldability"  has  a  limited  range  of  meaning 
and  refers  only  to  the  base  metal  itself  and  how 
this  will  react  during  a  welding  process.  Con¬ 
sequently,  there  is  a  need  for  another  concept 
including  the  whole  welded  Joint  and  how  its 
properties  will  influence  the  stability  of  the 
welded  structure.  Therefore,  a  term  like 
"function  stability"  of  welded  Joints  is  more 
adequate  and  includes  the  weldability  of  the 
base  metal  as  an  important  and  necessary  but 
not  complete  determination  of  the  expression. ° 
There  is  a  weld  metal,  too,  in  the  welded  joint, 
the  properties  of  which  are  more  or  less  depend¬ 
ent  on  the  composition  of  the  base  material. 


WELDABIUTY  AS  A  PROBLEM  COMPLEX  IN  STEEL 
METALLURGY 

The  weldability  concept  in  the  widest  sense 
can  be  almost  completely  covered  by  some  main 
groups  of  metallurgical  phenomena  which  can  be 
said  to  have  an  influence  on  the  ability  of  a 
steel  to  undergo  necessary  welding  technology 
treatment.  These  groups  refer  to  melting  and 
solidification  as  well  as  to  microstructure  trans¬ 
formations,  temperature -dependent  mechanical 
properties,  corrosion  and  oxidation  phenomena 
or,  in  other  words,  to  several  possible  changes 
in  physical  and  chemical  behavior.  Detrimen¬ 
tal  changes  which  can  be  expected  to  occur 
under  certain  circumstances  may  be  divided  in¬ 
to  seven  groups  and  can  be  summarized  as 
follows: 

1.  Longitudinal  weld  cracking  (solidification 
cracks  or  "hot  cracks"). 

2.  Transversal  weld  cracking  (shrinkage 
cracks  or  "cooling  cracks"). 

3.  Hardening  embrittlement  in  the  weld  or  the 
transformation  zone  of  the  steel. 

4.  Normal  brittle  behavior  of  the  weld  or  the 
steel  below  a  characteristic  critical  tempera¬ 
ture  and  under  severe  stress  conditions,  e.g. 
residual  welding  stresses. 

5.  Embrittlement  due  to  micro  structure  insta¬ 
bility  of  the  weld  or  the  steel  at  low  and  me¬ 
dium  temperatures. 

6.  Embrittlement  due  to  micro  structure  insta¬ 
bility  of  the  weld  or  the  steel  at  high  tempera¬ 
tures. 

7.  Decrease  of  corrosion  and  oxidation  re¬ 
sistance  of  the  weld  or  the  steel  due  to  resid¬ 
ual  welding  stresses  and/or  certain  micro¬ 
structure  formations. 

Various  metallurgical  phenomena  may  be 
the  cause  of  a  defect  or  change  in  properties, 
which  is  characteristic  for  each  of  the  seven 
groups,  but  within  a  certain  group  these  phe¬ 
nomena  are  rather  closely  connected  as  such. 
Hence  a  complete  weldability  investigation  of 
a  steel  should  be  performed  with  regard  to 
these  seven  groups  and  a  devebpment  of  a 
new  steel  type  for  welded  structures  should 
accordingly  be  directed  towards  properties  of 
the  steel  which  will  not  contribute  to  what  is 
mentioned  under  the  seven  groups  within  the 
anticipated  fabrication  and  service  conditions . 

This  can  easily  be  stated  and  Is  easily 


understood  but  not  so  easily  carried  out.  The 
difficulties  will  appear  already  before  the  steel 
has  come  into  the  ladle. 

More  or  less  covering  all  the  seven  groups 
mentioned  above  are  the  mechanical  properties 
of  the  steel  and  how  they  will  change  under  the 
influence  of  possible  defects  due  to  welding. 

Pi'ovided  there  are  no  defects  forming  sharp 
notches,  the  yield  strength  of  a  steel  will  in¬ 
crease  with  falling  temperature  and  the  plastic¬ 
ity  will  decrease  accordingly.  Independently 
of  the  testing  method  used,  one  will  find  that, 
at  certain  higher  temperatures,  a  steel  will  be¬ 
have  in  a  ductile  way  and  at  certain  lower  tem¬ 
peratures  in  a  mainly  brittle  way.  Between 
these  two  temperature  ranges  there  is  a  transi¬ 
tion  lange  within  which  the  fracturing  condi¬ 
tions  of  the  material  may  be  a  little  more  com¬ 
plicated. 

The  more  severe  the  stress  conditions  are 
with  respect  to  triaxiality  the  higher  is  the 
temperature  at  which  the  transition  range  be¬ 
tween  the  ductile  and  brittle  behavior  of  a  steel 
is  to  be  found. 

It  will  be  stated  (p.  U)  that  it  would  not  be 
realistic  to  expect  a  welded  structure  to  be  free 
ftom  defects  in  the  welded  joints .  Such  defects 
Will  act  as  most  dangerous  notches,  and  on 
considering  tfie  function  stability  of  a  welded 
structure,  it  is  indeed  impjrtant  to  bear  this  in 
mind.  On  the  other  hand,  defects  in  the  steel 
Itself  which  are  localiged  (.it  away  fram  welds 
may  be  regarded  as  tieing  a<  less  imponantt?. 
XllS.  function  stability  of  a  welded  stf^ucdur^ 
will  be  detertmned  bv  the  amaunt  and  lac.titon 

in  the  parts  af  the  structure  whicii  aye  undej  m- 
llttgnce  at  weldM’a^tr.gA5.g§«  There  are  many 
types  of  defects  in  tvelds  ar  adja«?pnt  to  a  weld, 
which  may  iie  regarded  a?  {sossible  initiatian 
points  for  a  brlltlv  fracture,  a  few  examples  of 
which  are  shown  in  Fig,  l-5i. 

Th^  are  a  great  many  vanaos  methatls  by 
which  ilie  tendency  of  a  brittle  behaviar  of  a 
steel  at  certain  temperatures  can  be  determined. 
The  most  simple  one  is  the  impoct  testing, 
which  IS  rather  useful  provided  the  strain  rate 
e«  initiating  the  fracture  at  the  notch  mot  of 
the  test  bar  Ig  mainly  coirespanding  with  prac¬ 
tical  circumstances.  Such  a  testing  meihod  ig 
the  Charpy  V-notch  testing,  too  weil-bnown  to 
be  described  here,  liowevor.  1  would  hke  to 
guote  the  conclusion  of  an  investigation 


FIG.  1 .  X-RAY  PHOTOGRAPH  OF  A  WELD  SHOW¬ 
ING  PIPE  FORMATION.  WHERE  CHANGE  OF 
ELECTRODE  HAS  TAKEN  PLACE  DURING  VERTICAL 
MANUAL  WELDING.  IN  CROSS-SECTION  SUCH 
PIPES  OR  SHRINKAGE  CAVITIES  ARE  TO  BE  RE¬ 
GARDED  AS  MORE  OR  LESS  PRONOUNCED  HOT 
CRACKS. 


FIG.  i.  REPAIR  WELDING  WITHOUT  PREHEAT¬ 
ING  OF  A  SURFACE  DEFECT  ON  A  H.M.F  INCH 
HIGH  TENSILE  STRUCTURAL  STEEL  PLATE.  AlTER 
THE  WEIEHNG  THE  REPAIRED  SPOT  HAS  BEEN 
GROUND.  A  HARDENING  CRACK  ADJACENT  VO 
THE  WEID  HAS  APPD\R£D  IN  THE  MARTENSITIC 
TRANSITION  ZONE. 


nc.  A.  X-RAY  FliOrOGRAPH  OF  A  LOW -ALLOY 
\YFLO  WITH  TRANS VE.RSALC5L^SS  CAUSED  HY 
HYDSOCTEN  EMbRimXMENT  OF  THE  PASmALLY 
MASTENSme  WELD  .METAL.  THIS  TYPE  OFWEIT) 
DEFECTS  IS  ONE  OF  THi:  MOST  DANGEROtL^ 
SLEASONS  FOR  INITI  ATIOK  OF  BKimE  FRACTURES 
IN  THE  BASE  METAL.  EVEN  A  SUGHt  PREHEAT¬ 
ING  COULD  HAVE  PREVENTED  THE  FORMATION 
OF  SUCK  TRAN.SVIR,SAL  SHRINKAGE  CRACKS. 
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performed  by  a  research  committee  of  Jernkon- 
toret  in  Stockholm,  which  states  the  following 
about  what  can  be  gained  oy  Charpy  V-notch 
testing^: 

"Below  temperatures,  corresponding  to  the 
lower  change  of  a  Charpy  V-notch  curve,  a 
steel  may  be  expected  to  behave  in  a  brittle 
manner  under  conditionc  permitting  an  initiation 

fracture  at  sufficiently  high  strain  rate. 

"At  temperatures  below  the  range  mentioned 
residual  stresses,  e.g.  welding  stresses,  may 
cause  initiation  and  propagation  of  brittle  frac¬ 
tures,  provided  sharp  notches,  e.g.  weld  de¬ 
fects,  are  present. 

"Above  temperatures,  corresponding  to  the 
lower  change  of  a  Charpy  V-notch  curve,  a 
steel  will  generally  alsd  in  practice  behave  in 
a  ductile  and  crack-arresting  manner." 

This  corresponds  rather  well  with  a  British 
investigation  of  much  the  same  type'  and  the 
opinion  of  G.  M.  Boyd.^ 


In  1961  Dr.  Georg  Vedeler'’  presented  an 
excellent  report  to  the  Committee  on  Ship  Steel. 
In  this  report  he  states  that  from  a  practical 
point  of  view  the  problem  of  brittle  fractures  in 
ships  has  been  solved  by  the  present  regula¬ 
tions.  He  also  pointed  out  that  the  main  prob¬ 
lems  lor  the  shipbuilders  would  today  be  fa¬ 
tigue  cracks  in  the  ships. 

Ooneermng  fatigue  cracking  he  is  no  doubt 
right,  hut  I  eannat  quite  agree  with  his  state¬ 
ment  regarding  the  practical  ttalution  of  the 
fefttile  fracture  problem.  Doubtlessly  he  is 
right  by  saving  that  the  new  regutaiions  have 
increased  safety  against  brittle  service  fail¬ 
ures.  3  mast  admit,  however,  that  so  far  as  ! 
understand  there  wiU  probably  never  atgwarany 
fatigue  crack  in  a  ship  shat  wsU  propagate  loan 
extent  that  the  ship  will  fail  by  a  fatigue  frac¬ 
ture  sn  the  onnvontional  meaiung.  The  impor¬ 
tance  of  fatigue  cracking  in  ships  sr  other 
welded  structures  is  from  my  point  of  viewthai 
they  may  act  as  extremely  dangerous  initiation 
points  for  feriitie  fractures  fey  their  sharp  notch 
affect  in  parts  of  the  ship,  where  severe  stress 
conditions  occur. 

In  Ollier  words,  if  the  brittie  fracture  prob- 
lam  is  solved  from  a  practical  point  of  view  Ido 
not  see  that  fatigue  cracking  could  be  of  such  a 
great  importance.  If  they  are  not  any  iostger 


FIG.  -1.  UNDFRBEAD  CRACKING  IN  A  MARTEN¬ 
SITIC  TRANSITION  ZONE  CLOSE  TO  THE  FUSION 
UNE  OF  A  WELD  IN  A  LOW-ALLOY  STEEL  -  1900x 


flG-  STSr-$5  CORROSION  CRACKS  ADJACENT 
TO  A  Wni-D  IN  AN  UNAU-OYED  iiTSEl-.  THt 
CRACK  PATTERN  HAS  APPEARED  IN  THE  PARTS 
Of  the  BA.se  METAl..  WHICH  HAAn;  BEEN  UNDER 
INFLUENCE  QF  RESIDUAL  waDtNG  STRESSED- 


dangerous  initiation  points  for  lifittte  failunts, 

!  do  not  think  that  sn  a  Ufelims  of  a  ghip  a  f«- 
tjgue  <rack  will  get  time  to  extend  to  such  a 
tSegree  that  a  residual  shear  fracture  will  occur 
due  to  averseading  of  the  remainiJig  uncracked 
area. 


On  the  other  hand,  if  brittle  fracture  is  still 
a  reaUty,  we  certainly  have  to  concentrate  on 
fatigue  research  in  connection  with  welded 
structures.  Fatigue  cracking  in  or  around  weld¬ 
ed  joints  is  probably  one  of  our  most  dangerous 
defects  to  be  considered  in  connection  with  the 
function  stability  of  a  structure.  1  would  s):m- 
marize  my  viewpoints  by  the  following: 

1 .  Defects  in  welded  joints  mostly  occur  in  the 
weld  metal  itself.  Cracking  in  the  transition 
zone  can  be  more  easily  overcome. 

2 .  The  weld  metals  of  today  have  normally  a 
very  low  transition  temperature  range  with  re¬ 
gard  to  la'ittle  fracture.  Consequently,  the  risk 
for  initiation  of  a  brittle  fracture  in  such  weld 
defects  is  rather  limited. 

i.  Weld  defects,  however,  can  easily  become 
the  starting  point  for  a  fatigue  failure,  since 
the  fatigue  strength  under  the  influence  of  the 
notch  effect  of  the  wold  defect  will  be  very 
much  decreased.  If  a  fatigue  crack,  starting 
from  a  weld  defect,  extends  ir.  a  direction 
where  it  will  reach  the  surrounding  base  metal, 
there  is  obviously  a  great  risk  for  initiation  of 
a  brittle  fracture  in  the  steel,  the  iranaltion 
lampeiature  of  which  may  be  far  higher  than  that 
of  the  weld  metal.  This  might  particularly  bo 
true  with  regard  to  the  parts  of  the  base  metal 
under  influence  of  welding  stresses, 

Vedolor  also  says  in  hjs  ropart'  that  ho 
is  inclined  to  think  that  for  steel  with  a  high- 
yiold  point  one  should  have  a  larger  matgin  to 
the  transition  temoorature.  and  the  def Hutton  of 
the  vransiiion  temperature  by  means  of  a  Charpy 
V'tto.oh  test  s)H>utd  be  at  a  higfter  energy  than 
for  ordinary  ship  steel.  Nobody  could  be  more 
wtUisvg  to  underline  this  than  5  aw.  Somrs  of  wy 
own  investigations"  have  shown  that  there  is  a 
good  reason  lot  staling  this. 

On  the  other  hand,  in  case  of  application 
high-strength  steels  to  welded  structures,  and 
in  case  tvf  are  able  to  define  a  transition  tem¬ 
perature  fey*  lot  instance,  impact  testing  that 
has  good  relation  to  practical  service  condi¬ 
tions,  I  do  not  see  why  we  have  to  feat  the  high 
elastic  stresses. 

Such  stresses  will  no  doubt  form  around 
weltied  {oinis  in  such  steels  as  Vedeter  rightly 
points  cut.  h  IS  also  evident  that  residual 
wetdii^  stresses  must  be  higher,  '^he  higher  the 


yield  strength  of  the  base  metal.  There  is  no 
reason  to  believe,  however,  that  welding 
stresses  will  have  another  type  of  influence  in 
a  high-strength  steel  than  in  an  ordinary  one. 

Many  investigators  have  already  shown 
that  above  the  transition  temperature,  as  we  to¬ 
day  normally  define  it,  welding  stresses  will 
not 'contribute  to  brittle  failures.  In  our  defini¬ 
tion  of  the  transition  temperature,  as  measured 
by  means  of  the  Charpy  V-notch  test  bar,  we 
have  already  included  a  certain  margin  by  stat¬ 
ing  1 5-20  ft  lbs  as  a  critical  impact  level  for  an 
ordinary  mild  steel.  Therefore  when  we  have 
found  the  critical  levels  corresponding  to  higher 
yield  strengths  and  have  included  a  correspond¬ 
ing  margin  of  safety,  I  definitely  believe  in  the 
successful  application  of  these  new  steel  types 
in  the  welding  technology. 

For  pressure  vessels  this  is  already  a  fact. 
In  connection  with  shipbuilding  I  personally 
think  that  the  main  problem  is  that  the  modulus 
of  elasticity  will  still  be  the  same  also  for  the 
high-strength  materials.  In  principle  the  brit¬ 
tle  fracture  problem  will  become  the  same  what¬ 
ever  the  strength  of  the  steel  may  be. 

1  would  like  to  finish  this  part  of  my  report 
by  stating  that  out  from  my  experience  a  seri¬ 
ous  service  failure  of  a  welded  structure  w'll 
always  culminate  in  some  sort  of  a  brittle  frac¬ 
ture,  no  matter  what  the  foregoing  reason  may 
have  bean — a  weld  defect,  a  transition  rone 
crack,  a  fatigue  crack,  etc.  Therefore,  I  am 
not  willing  to  underestimate  the  importance  of 
studytiig  the  brittle  behavior  of  stools  for  weld¬ 
ed  stiuctures.  in  particular  the  strength  of  the 
steel  under  tlw  influence  of  i5»  sharpest  pos¬ 
sible  notch  fi.e.  a  natural  crack)  at  low  io.m- 
peraturas  and  under  soi^jre  welduig  stress  can- 
ditioos.  There  ere  many  meiheds  today  ivhich 
can  be  applied  to  such  studies,  oiws  of  them 
being  the  NC-testing.''  This  method  was  de¬ 
veloped  in  l*?5l  for  she  detertnuiation  of  'the 
nottiinal  cleavage  sueagih"’  of  a  steel  sur- 
tounding  a  wcitfad  joint  lApp^ndix  B>.  Racent 
investigations  by  Raltini  and  oo-workers  seem 
to  have  followed  much  the  same  lines  as  to  ti^ 
basic  Ideas  about  the  fracture  befiOvtof  of  steels 
in  rolauon  to  the  isdtuence  of  stresses,  sharp 
notches  and  varying  temperatures. 

MICRD-ALLOV  STEALS 

From  the  weldatobty  point  o3  view  there  is 
a  gap  between  plain  carbon  steels  and  C-S4n- 
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steels  on  one  side  and  low-carbon  low-alloy 
steels  on  the  other.  We  have  to  find  some  con¬ 
nection  between  these  two  steel  groups,  and 
the  micro-alloy  steels  might  be  what  we  are 
looking  for.  I  have  already  used  the  term 
“micro-alloying  element"  in  the  title  of  this 
paper,  and  therefore  I  think  I  should  go  straight 
to  the  definition  of  this  expression. 

What  is  a  micro-alloy  steel?  It  is  a  steal, 
the  basic  composition  of  which  is  simply  an  un¬ 
alloyed  structural  steel  or,  in  many  cases,  a 
manganese  alloy  one  or  even  a  low-alloy  one, 
to  which  a  small  amount  of  an  alloying  element 
has  been  added — this  element  having  a  very 
strong  and  sometimes  remarkable  effect  on  one 
OR  several  of  the  steal  properties.  On  the 
whole,  however,  the  steel  is  still  character¬ 
ized  by  its  basic  composition  as  to  its  general 
behavior.  The  amount  of  micro-alloying  ele¬ 
ments  to  be  added  is  one  or  two  powers  of  ten 
less  than  would  have  been  the  case  for  an  al¬ 
loying  element  in  the  conventional  meaning. 

Micro-alloy  steels  have  been  used  for 
quite  a  time,  I  am  thinking  of  the  aluminum- 
treated  steels,  in  which  aluminum  certainly 
does  act  as  a  micro-alloying  element.  Other 
examples  of  such  elements  are  vanadium,  boron 
anduwmum.  Still  another  is  columbium. 

As  a  consequence  of  the  definition  of  what 
I  have  called  mtcro-alloy  steels,  one  can  speak 
about  mlgiaiaJtoy_eaj-toi\  steals,  micro-allov 
manganese  steels,  miejo-allov^  malvi^enma 

etc.  Thq  micfo-allt>yie3  element  added 
to  a  base  eomposuton  of  a  normal  type  will,  as 
said  above,  m  certain  respects  change  the 
steel  properties  more  or  less  drastically  but 
still  the  steel  behavior  is  mainly  dependent  on 
its  basic  «;ompositiOf\. 

The  influence  of  micto-aUeyjc,^  elijatents  ss 
by  no  means  the  some  in  all  case#.  One  type 
of  element  may*  chanae  the  ^rain  siae,  another 
may  ehan$c  the  resistance  to  tempertno  em- 
brtitlemeat,  still  another  may  havx?  an  inlluenee 
on  certain  uanslormatlon  reaction*  dutrng  eosl- 
ing,  etc. 

the  choice  of  {aiCt'O-allaysiaa  ele«<»nt 
depends  on  the  property  or  the  properties  «f  the 
base  steel  to  be  stabibacd  or  changed. 

Lat  us  now  turn  to  the  discussion  o5  colcm- 
thum  as  a  steebaafeing  vortabSo,  but.  befer '> 
that: 


You  may  regard  the  statements  regarding 
"weldability"  given  as  a  background  of  this 
paper  as  "Elementary,  my  dear  Watson. "  If  so, 
I  quite  agree,  but  then  I  would  only  like  to 
make  another  statement:  The  simpler  you  can 
build  the  platform  on  which  your  research  work 
is  based,  the  better  it  is.  Further,  the  more 
systematically  you  can  treat  your  problems,  the 
safer  you  feel.  Simplicity,  senses  and  sys¬ 
tematization  must  never  exclude  the  necessary 
brilliance  of  a  successful  research  work,  but 
will  offer  you  a  reasonable  safety  on  applying 
your  results  to  practice.  "Elementary,  my  dear 
Watson"  -  it  is  all  right  and  I  do  not  care. 

GENERAL  INFLUENCE  OF  COLUMBIUM  AS  A 
MICRO-ALLOYING  ELEMENT  IN  STEEL 

Until  now  there  has  not  been  very  much 
written  about  columbium  as  a  steelraaking 
variable.  Technical  information  to  be  found  in 
literature  at  the  moment  concerning  the  behav¬ 
ior  of  columbium-alloy  steels,  and  information 
gained  by  personal  contacts  with  colleagues 
who  have  been  investigating  such  steels  is 
limited  and  contradictory.  This  seems  quite 
natural  since  there  are  probably  only  a  few 
steel  works  having  had  eolumbiuia  steels  in 
full-scale  production.  It  is  our  experiance 
that  rather  few  important  observations  can  be 
made  without  production  experience  as  to  the 
real  influence  of  columbium  a;i  a  steelmaking 
variable. 

However,  as  a  basss  fat  the  devc-lopment  of 
columbium-alloy  steels  ana  the  interest  m 
these  steel  types,  some  wetU-known  influences 
on  the  properties  of  steels  by  the  additian  of 
small  amounts  of  columbium  sn  the  ardaf  of 
magnitude  af  O.CfJ  have  boon  abserv-ed. 

Tor  insianee,  iltere  is  sra  doub^  that  t-sslumbium 
Will  increase  tire  yield  strength  g^{  ti>^  steel 
and  cause  a  fine-gtsined  mi structure. 

The  increasing  yield  strength  tsauld  el 
©Ora’Se  pfehtnimtily  explained  fry  the  fine¬ 
grained  structure,  but  this  does  net  sects  b»? 
the  \vh,ole  truth.  An  adduionai  etjeet  en  the 
yield  strength  from  Ci'-lamteute,  itself  IS  Protoa- 
bly  ts  bie  faund,  5x»!  so  far  as  we  knew,  the 

true  reasoft  for  this  j&ast  of  the  yselsf  strength 
istcrease  is  net  definitely  estplaincd.  St  iv-oiiLd 
hst  bn  unjca-sonable  to  lieHev-s*.  as  t«eissr  does, 
that  fltvc-disjiersed  carbides  or  fsethaps  nitrides, 
would  in  same  way  or  anather  strengthen  the 
uansiatHia  planes,  char  itwn  iwvest.gati&ns 
She  still  inoompsete  and  have  no  cantrifnsta.on 


no.  »>.  GRAIN  BOUNDARY  CEMCNTltt  AND  CO- 
LUM31UM  CARBtD!:  PRECIPITATION  IN  THE  EER- 
RITE  or  A  CARBON-MANC»i\NriE  --^TEEl  WITH 

COEUMBIUM.  EUCTRON  MICROGRAPH 
t  i  .iaa>5 . 


HG.  7.  grain  BCUNt')ARY  CEMENTITf:  and 
COlUMBlUM  C.->fa5lDE  PRECIPITATION  IN  THE 
FT-RRITE  A.R  WEES.  AS  IN  SUBGRAIN  BOUNDARIES 
IN  A  CARBON- MANGANESE  .STEEE  AS  IN  HG.  i> 
BUT  WITH  0. 1 0%  COEUMBIUM.  THE  COEUM- 
BIUM  CARBIDE  PRECIPITATE  IS  EAR  COARSER 
THAN  IN  THE  EOREGOING  nGURl'.  EU'CTRON 
MICROGRAPH  M.oaox. 
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drastic  change  in  existing  regulations  for  weld¬ 
ed  structures.  Further,  a  good  deal  of  the  low- 
alloy  steels  will  not  stand  the  rather  rough 
treatments  which  can  hardly  be  avoided  in  most 
of  the  welding  shops. 

With  the  exception  of  aluminum,  and  to  a 
certain  extent  also  boron  that  is  used  prefer¬ 
ably  in  combination  with  low-alloy  steels, 
e.g.  molybdenum  stools,  the  use  of  micro- 
alloying  additions  Is  quite  a  now  field  of  steel 
metallurgy.  In  the  invitation  letter  from  Pro¬ 
fessor  Chipman,  he  asked  mo  to  present  my 
most  recent  thoughts  about  columbium  as  a 
steolmaking  variable. 

May  1  say  that  I  have  experienced  this 
sometimes  confusing  alloying  element  in  a 
way  that  any  correct  or,  at  least,  reasonable 
thought  about  columbium  os  a  stcclmaking 
variable  is  indeed  recent. 

There  is  very  much  to  be  expected  in  the 
future  concerning  our  knowledge  of  this  sub¬ 
ject,  and  for  the  present  we  have  only  touch¬ 
ed  the  problem  complex  which  is  promising  so 
much.  But  the  solution  Is  still  hiding  behind 
a  mountain  of  necessary  investigations. 

METALLURGICAL  VARIABLES 

In  metallurgy  we  have  three  variables  to. 
apply  in  order  to  produee  a  steel  lor  a  giver, 
purpose.  They  are: 

1 .  Compt?8ition  (including  deoxidatie.n 
praesiee) . 

2,  Mechanieal  ueataent. 

5.  Jfeat  MeatisertS. 

Oar  esperssnee  af  the  ptoioessing 

of  ealwmlsum  steels  is  Uwited  two  typer.s 
of  sieslmaking  ptr^cesses;  the  hearth 

and  the  kaltfe  "  Inowfall- 

Sedte  Sftv-esugatisfis  we  have  studied  various 
types  el  deo*idati‘'aft  practice,  5.«.  sersikslled 
steels  (balanced  steels)  as  wsil  as  silJcan- 
kilted  steels,  and  silicsn-rjeated  steels  wsth 
an  addHtenal  deoxidsiicn  fey  .*neans  a£ 
aluiftlnua.  As  es-in»plfls  ef  what  may  be  caSLed 
normal  coluntfetun;  steels,  1  teeuld  like  to 
(^toastf  Ifee  foi-kMietng  eociiusitieft  ranges: 


c 

0.10  -  0.2S 

Si 

0.03  -  0.30 

Mn 

0.40  -  1.60 

Nb 

O.OOS  -  0.05 

Within  the  above-mentioned  ranges  we 
have  paid  most  attention  to  the  following  three 
steels,  which  mainly  differ  from  each  other 
with  regard  to  the  carbon  contents: 

TABLE  1 

AVERAGE  COMPOSITIONS 


A 

B 

C 

C 

0.11 

0.32 

0. 1  9 

Si 

0.03 

0.03 

0.30 

Mn 

1  .0 

1  . 3 

1.3 

Nb 

0.0> 

0.03 

0.03 

Steel  A  has  an  upper  yield  strength  of  about 
,A’iJiaZQifsf  psi)  while  steels  B  and  C 

show  a  yield  point  at  room  temperature-  of  atjout 
47  kq/mm^  (3fe,8sO  esi)  as  railed.  It  should 
be  observed  that  the  difference  m  composition 
between  steel  0  and  steel  C  is  limited  to  the 
carbon  contents  and  the  silicon  contents. 

There  is  an  influence  of  silicon  an  the  strength 
of  the  steel,  and  theretare  steel  G  may  be 
given  a  slightly  lower  carbon  peregntage.  XtiS 
average  ».nekt  istre ngth  inerea.se  an  addtn-j  sp- 

There  is  no  marked  difference  between  the 
passim lities  a|  pcaducing  about  i.Se  same  qual¬ 
ity  t>i  steel  by  the  open-heanh  pjoioess  and  the 
kalda  praeess.  However,  a  kalda  steel,  be¬ 
cause  of  Its  vx^ry  law  oxygen  end  nstrage-n  con¬ 
tents.  ha#  a  sueerta;  farmabiuty.  whuh.wiU 
be  dsselased  fey  tfse  btending  properties,  the 
elotigation  and  the  impact  prepenie*.  This  ts. 
hmeever.  typical  also  for  unaUsyed  kalde. 
steels  in  lelaiion  te  the  same  type  al  steel 
mode  by  t»<?  open-ijesrth  pracess  asvd  has  afe- 
vicusiy  laathing  ta  da  with  the  celursbouas  ad¬ 
dition  , 

There  ate  several  ways  a}  add-inc  eal»5S- 
feiuns  te  the  selten  steel.  7}^  ealutsfeiwm  yaeld 
will  vary  dependint  upan  tire  sdditvg  method 
used  and  ranacs  vo-eC’S, .  j-  jj;  experience 
that  tfea  highest  redov-ery  ef  a  (sahjrsbiutn  sd- 
dt'ien  will  occur  on  addifug  the  aiioyifsg  metal 

(for  instance  as  fctrdciotuiafeiuoi  ta  she  mold. 


i\;Mlons  o'  fartctooSuinfeiuti!.  each  feeing,  for 


instance,  10%  of  tho  total  addition,  may  be 
thrown  into  the  mold  and  will  give  a  yield  ot 
60-70%,  Another  way  of  adding  ferrocolunfclum 
is  an  injection  method,  which  we  have  devel¬ 
oped  and  which  we  have  found  will  give  the 
highest  yield,  90-95%.  According  to  this 
method  a  rather  fine-grained  powder  (average 
grain  size  about  2  mm)  is  blown  into  the  steel 
stream  by  means  of  equipment  shown  in  Fig.  8. 
This  method  is  of  course  not  only  connected 
with  columbium  additions  but  with  any  addition 
of  micro-alloying  elements,  which  on  tho  whole 
can  be  added  at  this  stage  of  the  process. 


riG- rae  jNiEr.rtp.N  ifito 

Tilt  Of  A  COlOtimUM  COKTAIKINC* 

XORWAJJv  rtPAO-C'OtyMiitiM-  TJiS 
fOWTStK  Sg.  SlOWJi  into  THt  nttt  0?i 

cAtTiJvT.  AN*  iKaot,  fftO-w  ssTifOGt^'  oa  mton 
COTitAIJita^  (I  i  JTHt  xvstt  Ofi&tit 

Btevi  tnt  rowots5  5N  THt  rtstsKs-coiyMSiUM 

C'ONn-Mr-it?®  U  '3?TO  A  AJ^aU-  mAwttts  mtt 
tost  (55.,  WHICH  IS  AP'PUtO  OK  THt  UPlX  tO 
THAT  THt  PCnvOtS  STttAM  WIU-  AtWAY^^  UC 
DIRtettS)  an  THt  #TttL  STSSAM  Tilt 

CASTING. 


This  has  been  shown  by  means  of  radioactive 
isotopes  and,  of  course,  also  by  means  of 
more  conventional  investigation  methods  such 
as  analyzing  different  parts  of  steel  plates  and 
testing  ine  mochsmeal  properties  of  the  plates 
accordingly. 

Another  advantage  connected  with  addition 
to  the  mold  is  that  in  case  of  great  heat  weights 
only  a  selected  part  of  the  ingots  have  to  be 
produced  as  micro-alloy  steels,  while  the  rest 
of  tho  charge  may  be  used  for  other  purposes. 

On  using  this  principle  for  produciJig  Ingo" 
of  the  same  basic  heat  wn'h  various  additions 
of  micio-alloying  metals,  the  eomposision  of 
the  steel  in  the  ladle  sliould  o(  course  corre¬ 
spond  to  an  ordinary  structural  steel,  a  carbon 
steel  or  a  carbon-Wanjaiwse  steel,  i.e.  a  ship 
steel.  Since  the  cc-tumbium  audition  to  a  steel 
calls  for  certain  composition  limits  of  tho  ele¬ 
ments  in  tho  base  composition  of  the  steel  in 
the  ladle,  there  Will  always  be  a  possibility  to 
stop  the  addition  of  the  micro-valloying  element 
in  ease  the  composition  requirements  of  the 
base  steel  have  not  been  met  whan  the  steel 
has  been  tapped  into  the  ladle.  If  so.  the  base 
steel  can  still  be  used  provided  that  tt  corre¬ 
sponds  to  'he  requirements  of  an  ordinary  struc¬ 
tural  steel  and  will  then  be  used  for  ingots  of 
this  tii>e. 

Our  investtgaijons  H.a'.-e  ai?o  covered  stud¬ 
ies  of  iiffereat  ingot  sises  and  type.*?.  '.Ve 
.Have  found  no  significant  difference  concerniria 
the  ti(s»isaftjes  of  the  ©alutafeium  steel,  which 
can  be  said  to  depend  on  these  factors. 

It  sa.ight  further  be  tf  interest  that 
b5wm-tsSnt3s“inij  scrap  w^U  five  eff  its  calum- 
'v'-fem  contents  to  the  slaf  on  re-tneSlinf .  The 
(iftjcass  of  oxidation  seems  to  run  to  a  very  low 
esarttent  of  noluntfeittm  in  t.he  snoJten  steel,  the 
distrifewtion  ratio  of  csl-amfeium  m  siaff'aokrs- 
Itaum  «n  steel  iaeinf  2P’0-sda/j  urwfer  stroftaly 
oxidisihf  conditions.  On  te-CifCuSatinf  cafia-mi- 

biua-i-entaisytif  slaa  t.o  the  blast  lumace.  how¬ 
ever.  attention  should  fee  f  jven  to  the  is.asss- 
l»lity  of  fraduatly  increasing  cflemblwss- 
csonSeKSs  in  the  p-ls  iron  r-aased  fey  redluction  of 
©olissfeiwa-OKide . 


Scside's  the  hifher  jeeavejy  of  the  mi-itw-  Our  experience  of  mechanical  Mest»es,t  is 

aSloyirvf  clertsni  eeed,  thus  met Jiad  Has.  another  linsited  te  slafe  and  r-late  roliina.  THa  slaii 

•advahiafe — the  tfSstrifestion  sf  s»aU  additions  foHiSa  Has  been  fserfojtsed  without  aniy  p^artic- 
wiH  be  isiose  even  thrsMfh  a-n  snf.ot  series  than  wlar  precawtsons .  Tha  heating  ieraperature  fee- 
by?  any  other  naelH,^  We  have  investifatesS.  fs^e  rolUftf  is  normally  3  2*iC-5  'C.  The  only 
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trouble  that  has  occurred  in  connection  with  the 
slab  rolling  is  that  on  rather  high  columbium 
additions,  resulting  in  columbium  contents  of 
the  steel  in  the  order  of  0.04-0.057o,  the  slabs 
may  become  rather  brittle.  On  surface  con¬ 
ditioning  of  such  slabs,  they  have  in  some 
cases  broken  in  two  due  to  brittle  fracture 
initiated  at  some  defect  in  the  slab  under  the 
influence  of  the  thermal  stresses.  Such  inci¬ 
dents  are  of  course  exceptions. 

The  heating  before  plate  rolling  is  normally 
carried  out  at  a  temperature  of  about  1200°C 
and  the  plate  rolling  is  performed  under  con¬ 
trolled  temperature  conditions.'®  These  con¬ 
ditions  normally  imply  30%  reduction  at  a  tem¬ 
perature  below  900 °C. 

A  great  many  other  variables  of  hot  rolling 
conditions  have  been  investigated.  There  does 
not,  however,  seem  to  be  any  need  for  further 
restrictions,  but  on  the  other  hand,  the  amount 
of  reduction  below  900 °C  mentioned  above  has 
to  be  fulfilled  to  ensure  the  desired  properties 
of  the  plates. 

The  lamination  tendency  of  columbium  steel 
plates  does  not  seem  to  be  stronger  than  for 
ordinary  carbon  steels  or  carbon-manganese 
steels.  On  the  other  hand,  there  is  a  differ¬ 
ence  between  a  columbium-treated  steel  and  an 
aluminum-treated  one.  Columbium  has  defi¬ 
nitely  not  the  same  marked  effect  on  the  slag 
distribution  and  the  ferrite  banding  of  the  micro¬ 
structure  as  has  aluminum. 

The  same  practice  as  to  ultrasonic  testing 
of  normal  structural  steel  plates  can  be  applied 
to  the  columbium  steels. 

Plain  carbon  steels  or  carbon-manganese 
steels  with  micro-alloying  additions  of  colum¬ 
bium  are  delivered  either  in  the  hot-rolled  con¬ 
dition  up  to  a  certain  plate  thickness  or  after 
normalizing . 

The  norMalizing  treatment  does  not  distinct¬ 
ly  differ  from  the  same  treatment  of  plain  car¬ 
bon  steels  or  carbon-manganese  steels.  The 
normalizing  temperature  is  about  900 °C  but  too 
low  a  normalizing  cemperatui'e  seems  to  be  more 
detrimental  f^r  columbium  steels  than  for  un¬ 
alloyed  or  manganese  alloy  materials. 

The  heat  treatment  practice  to  be  chosen  is 
in  most  cases  practically  unchanged  by  very 
small  additions  of  alloying  elements.  There 
are  exceptions,  of  course,  for  instance  i;-. 


connection  with  toron  additions  to  certain 
steel  types,  but  generally  most  of  the  micro¬ 
alloying  elements  will  not  change  the  heat 
treatment  conditions  of  the  base  steel  more 
than  some  +10°C  with  regard  to  the  A-. -level. 

BASIC  PROPERTIES  OF  COLUMBIUM  STEELS 
VERSUS  PROCESSING  VARIABLES 

The  properties  of  columbium  steels  de¬ 
scribed  in  this  part  of  the  report  refer  mainly 
to  the  three  compositions  given  in  Table  1  and 
to  surrounding  compositions  investigated  in 
our  research  work. 


Properties  vs.  Composition 


A  normal  micro  structure  of  a  columbium 
steel  (steel  A,  Table  1)  in  the  hot-rolled  con¬ 
dition  at  a  plate  thickness  of  30  mm  is  shown 
in  Fig.  9.  There  is  not  very  much  difference 
in  micro  structure  at  still  higher  plate  thick¬ 
nesses. 


FIG.  9.  MICRO-STRUCTURI'.  OF  A  STEEL  WITH 
THE  COMPOSITION  C  0.3U.  S;0.ll^.  Mn 
t .  39%.  Cb  0. 036%  IN  THE  AS -ROLLED  CONDI¬ 
TION .  GRAIN-SIZE  ASTM  S .  300  X 


The  voriatlons  in  mlcnasirueture  by  various 
columbium  additions  outsida  ihn  range  0.005- 
0.05%  has  not  yot  boon  properly  investigated 
in  bur  research  woik.  AHhin  the  memioned 
range,  however,  no  great  variatlon.s  haw  l»en 
observed  until  now  with  the  exception  of  some- 
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what  Increased  grain-refinement  with  increas 
ing  columbium  contents. 


The  micros  lag  types  to  be  found  in  colum- 
bium-treated  steels  are  shown  in  Fig.  10.  As 


FIG.  I  0.  MICRO  ST'X'CTURE  OF  A  STCEl  WITH 
THE  COMPOSITION  C  O.ll’-o.  Si  Mn 

I  .OH'o.  Cb  0.03t5ro.  IN  THE  AS -ROLLED  CONDI¬ 
TION.  SHOWING  TYPICAL  SILICATE  SLAG  INCLU¬ 
SIONS.  GRAIN-SI2E  ASTM  T-8.  PUTE  THICK¬ 
NESS  30  mm.  ^0^)x 

in  ordinary  structural  stooU,  the  slag  inclu¬ 
sions  are  ol  the  sulphide  typo  and  the  sili¬ 
cate  tyiw.  By  moans  of  electron  probe  X-ray 
micro-analysis,  however,  wc  have  found  that 
the  silicate  inclusions  may  caniain  up  to 
columbium.  Tfus  might  call  tar  3  doo.’tidation 
practice  ih.n  wili  guarantee  the  smallest  pos¬ 
sible  amount  of  Q.'cv’gen-containing  slag  in¬ 
clusions  . 

The  rfiStfibuiion  a!  caluiiibium  cgrbitieg  in 
the  structure,  is  difficult  to  observe  directly 
in  a  normal  Ughi-micmse3{>e.  Hawev'er,  at 
meSium  mag.nifications  and  proper  etching,  it 
IS  sometimes  possible  to  observe  pafticlcs  tliat 
are  probably  such  carbides,  and  particularly  so 
after  having  studied  these  precipitations  in  the 
electron  microscope,  roilotving  this  approach, 
they  an*  more  easily  found  in  normal  micro¬ 
scopy. 

The  distribution  of  columbium  in  tlw!  ssicto- 
siructure  can  further  be  invosugaied  in  a  more 


adequate  way  by  mean.s  of  the  electron  probe 
X-r.iy  niicro-analyn.s.  Such  investigations 
have  proved  that  columbium  is  not  evenly  dis¬ 
tributed  in  the  micro  structure  after  rolling.  A 
columbium  concentrcdlon  will  always  be  found 
at  the  grain  boundaries,  and  a  higher  colum¬ 
bium  content  In  the  pearllte  than  in  the  ferrite 
has  also  been  observed. 

The  columbium  contents  of  the  grain  bound¬ 
ary  areas  are  normally  about  three  times  as 
high  as  in  the  feirite.  It  is  still  not  clear 
whether  this  distribution  of  columbiu.n  has  any 
importance  as  to  the  properties  of  the  steel  or 
if  it  can  be  Influenced  by  hot-rolling  conditions 
or  any  other  processing  variables,  etc.  It  has 
Deen  observed,  however,  that  normalizing  will 
result  in  a  more  even  distribution. 

It  seems  most  probable  that  the  columbium 
distribution  is  quite  important.  However,  this 
is  a  part  of  the  research  field  still  including 
many  unknov.-ns  and  calls  for  further  investi¬ 
gations.  What  we  dare  say  today  is,  by  our 
experiences,  that  on  keeping  the  same  pro¬ 
cessing  conditions  from  tune  to  time,  the  co- 
lumbirm  distribution  will  be  found  to  be  the 
same  in  each  case,  i.e.  tne  distribution  of 
columbium  is  probably  strongly  connected  with 
the  treatment  of  the  steel  and  will  not  vary  in¬ 
dependently  of  this  from  one  heat  to  another. 
The  carbide  distribution  after  normalizing  is 
evidently  a  reasonable  explanation  of  the  cor¬ 
responding  change  in  properties . 

The  A'  -temperature  is  very  slightly  in- 
crOvised  by  columbium  contents  in  the  order  of 
0.03-0.04%.  Out  investigations  have  sliowa 
t'i,\  such  3  olumbium  addition  will  raise  tins 
critical  temperature  about  10*C  and  that  a 
further  addition  of  the  same  amount  of  vanadi¬ 
um  will  increase  A,  another  '**C.  From  a  {srac- 
tical  paint  of  view  these  changes  hove  no  im¬ 
portance. 

An  i unease  a{  Uie  ralumbiwm  contents  will 
cause  an  incfoased  staUiUty  against  spontane¬ 
ous  gram  growth.  On  ovorhe.atmg.  the  tem- 
pi’faturi?  of  sudden  grain  growth  will  lx*  found 
around  lOOO'C.  if  1  coarse-grained  struc¬ 
ture  IS  taken  as  the  criterion.  .Killed  vrolum- 
iMum  steels  po.sse.ss  a  higher  gr.am-growth 
temperature  and  the  difference  between  a  killed 
steel  and  a  semskiUed  one  is  .about  %0'C.  Die 
grain-growth  tendency  of  columhum  steels  is 
ic.s,*  drastic  than  for  aluminum-treated  steels 
of  the  same  basic  composition  (Fig.  11-13). 
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HG.  n  .  INFLUENCE  OF  VARIOUS  COLUMBIUM 
CONTENTS  ON  GRAIN  GROWTH  TENDENCY  OF  A 
STEEL  WITH  THE  BASIC  COMPOSITION  C  n.  17%. 
Si  0.09%.  Mn  0.4  3%  AND  COLUMBIUM  (NIOBI- 
UMICONTENTS  ACCORDING  TO  THE  DIAGRAM . 

Columbium  acldillons  lo  a  steel  wiU  in¬ 
crease  the  vic’.d  strength,  the  ultimate  strength 
and  the  ratio  yield  strength/ultimate  strength. 

Up  to  columbium  contents  of  about  0.02%, 
the  influence  on  the  properties  mentioned  oc¬ 
curs  very  strongly.  A  further  increase  above 
this  columbium  level  will  still  slowly  raise 
the  yield  strengtii,  while  the  ultimate  strength 
does  not  seem  to  bo  markedly  influenced.  This 
is  the  case  up  to  about  0.10%  columbium,  while 
tu-thor  additions  up  to  about  0.20%  columbium 
will  cause  a  continuous  slight  decrease  in 
ultimate  strongth--tho  0  /O,  remaining  almost 
unchanged. 

Our  investigations  have  indicated  tSiat,  as 
an  example,  the  yield  sttength/uliimate 
strength  ratio,  which  for  a  certain  c.ntbjn- 
manganese  steel  is  about  h.t>o.  will  increase 
up  to  about  o.t,s  at  an  addition  at  o.c-o4%  co- 
lumhium,  up  to  0.7%  at  Q,oi%  caUimbium.  but 
only  up  to  0.77  at  a  further  addition  up  to 
o,ob%  calumbiu.m. 

Even  If  the  3tro.",ge,st  infUieneeof  oolum- 
bium  an  the  yield  .tuength  oppaff-ntly  occurs 
already  at  contenls  of  the  order  of  0.ei%  r, 
srsenis  from  a  practical  point  of  viaw  to  hr 
reasonable  to  add  sn  avoraoc  content  of  £*.02- 
0.03%  in  Order  to  avoid  a  detrttnenial  inllu- 
ence  of  unavoidable  segregations  on  JuU- 
scale  ingot  jiroduction. 

Apart  from  this  direct  inflvcnr*’  of  coKim- 
biuCT  on  yield  strength  and  uUimato  strength. 


HG.  l-l.  GRAIN  GROWTH  TENDENCY  OF  VARI¬ 
OUS  HEATS  WITH  THE  FOLLOWING  COMPOSI¬ 
TIONS  (HEAT  NUMBER  INDICATED  IN  THE  DIA¬ 
GRAM  BY  THE  FIGURES  V.TTHIN  THE  CIRCLES)- 
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THE  OTHER  FIGURES  ALONG  THE  GRAIN  GROWTH 
CURVES  FOR  THE  DIEFERENT  STEELS  INDICATE 
THE  GRAIN  SIZE  NUMBER  ACCORDING  TOASTM. 
IT  SHOULD  BE  OBSERVED  TH.\T  AT  HIGHER  TEM- 
PER.ATURES  THE  .MICRO  STRUCTURE  CONSISTS 
or  A  MIXTURE  or  !TNE  AND  COAR-SE  GiUMNS  AS 
SHOWN  BY  THE  rVSTM  NUMBERS  ON  ".•'.OH  SIDE 
or  Ai  C  U  RV'E  ■ 


nr,.  I  j.  LMAGRVvM  SIUAVIKG  'NTAN!:-:)!  S 
GSVdN  C;--'  -WIM  IN  AN  Al.l- Mi laiM-T STATED 
CAsaoN-MANtViKiN  E  STTEL  WITH  C  a.5  %’•, 
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any  change  of  the  basic  composition  ot  the 
steel  will  cause  a  corresponding  change  in 
strength,  which  mean's  that  in  case  of  constant 
columbium  contents  the  strength  of  the  steel 
may  be  changed  in  a  normal  way  by  changing 
the  carbon  contents,  the  manganese  contents* 
etc.  The  influence  of  columbium  is.  in  other 
words,  to  be  regarded  as  one  which  is  added 
on  the  top  of  the  normal  strength  of  the  base 
alloy. 

As  a  consequence  of  increasing  the  yield 
strength  by  columbium  additions  there  is  a 
corresponding  tendency  to  decrease  the  elon¬ 
gation.  which,  however,  does  not  seem  to  be 
critical  within  rather  wide  limits. 

There  is  also  a  change  in  impact  properties 
to  be  observed,  following  the  increase  of  yield 
strength.  In  most  of  the  literature  references 
to  be  found  concerning  the  influence  of  colum¬ 
bium  on  steel  it  is  claimed  that  the  Impact 
properties  of  columbium  steels  are  good  and  in 
many  cases  improved  in  relation  to  columbium- 
free  steels.  I  think  I  dare  say  that  our  inves¬ 
tigations  have  covered  enough  Impact  studies 
to  state  that  this  is  definitely  not  true  regard¬ 
ing  columblum-treated  plain  carbon  steels  and 
car  bon- manganese  steels  in  the  hot-rolled 
condition.  It  might  be  true  regarding  some 
cases  of  normalized  or  quenched-and-tempered 
conditions  and  it  is  definitely  true  concerning 
columblum-treated  low-alloy  Hardened  and 
tempered  steels.  In  the  latter  case,  however, 
it  occurs  as  a  consequence  of  columbium  ad¬ 
ditions  in  the  order  of  0.20-0.40%. 

As  to  the  columblum-treated  carbon  steels 
and  the  corresponding  carbon-manganese  steels 
this  statement  does  not  mean  that  the  impact 
properties  are  very  poor.  I  only  claim  that  an 
Improvement  hardly  occurs  because  of  a  colum¬ 
bium  addition  only  and  already  this  statement 
might  be  an  understatement . 

Properties  vs.  Rolling  Conditions 

The  influence  of  rolling  conditions  on  the 
microstructure  of  columbium  steels  is  much  the 
same  as  on  aluminum-treated  steels.  On  con¬ 
trolled  rolling  a  more  fine-grained  structure 
will  form  and  a  certain  tendency  to  ferrite 
banding  may  accordingly  appear.  This  ferrite 
banding,  however,  is  not  much  pronounced 
even  if  the  finishing  temperature  on  rolling  is 
lowered  very  much.  In  this  relipeot  the  differ¬ 
ence  between  columbium  steels  and  aluminum- 
treated  steels  is  obvious. 


The  strongest  influence  of  rolling  condi¬ 
tions  will  be  found  on  the  mechanical  pcoper- 
ties  and,  particularly,  with  regard  to  the  im¬ 
pact  values  of  the  steel* 

Our  research  work  has  covered  a  great 
many  variables  in  connection  with  hoc  rolling. 
No  significant  effects  have  been  obeerved  as 
to  reasonable  changes  in  heating  tempcffetures 
before  rolling,  various  cooling  rates  Irtuaedl- 
ately  after  rolling  or  various  temperatures  on 
levelling  the  plates  after  rolling.  Nor  have 
more  complicated  prescriptions  for  controlled 
rolling  resulted  in  properties,  which  deviate 
from  the  properties  gained  by  a  normal  con¬ 
trolled  rolling,  i.e.  a  certain  reduction  below 
a  certain  temperature.  Variations  within  a 
wider  heating  range,  e.g.  100*C,  before 
rolling,  however,  will  result  in  rather  strong 
effects  on  mechanical  properties. 

Regarding  \he  ultimate  strength  of  a  oolum- 
bium  steel  the  finishing  temperature  on  hot 
rolling  has  only  a  very  small  Influence  and,  as 
a  consequence  of  what  has  been  said  above 
concerning  cooling  rates  after  hot-rolling, etc., 
the  Influence  of  plate  thickness  on  the  ulti¬ 
mate  strength  is  for  the  same  reason  limited  if, 
on  the  whole,  it  can  be  observed. 

The  yield  strength,  however,  is  more  ob¬ 
viously  Influenced  by  the  finishing  tempera¬ 
ture  on  rolling  and  also  by  the  degree  of  re¬ 
duction  below  a  certain  temperature. 

We  have  found  that  there  seems  to  be  an 
optimum  concerning  the  impact  strength  level 
around  a  finishing  temperature  of  830 *C. 

It  can  also  be  shown  that  the  ratio  yield 
strength/ultimate  strength  will  Increase  on  in¬ 
creasing  reduction  below  900*C.  Hertce  this 
ratio  will  cover  the  range  0.74-0.78  by  in¬ 
creasing  the  degree  of  reduction  below  900*C 
from  30%  to  70%,  as  far  as  our  investigations 
have  shown.  For  normal  hot  lolUng,  i.e. 
without  attention  to  any  controlled  conditions* 
the  same  ratio  will  ba  in  the  order  of  0.87- 
0.72  depending  on  plate  thickness. 

In  other  words,  the  finishing  temperature 
will  have  roughly  the  same  influence  on  co- 
lumblum-treatbd  steels  as  on  oolumbtum-ftee 
steels  of  the  same  basic  composition  ahhough 
we  feel  that  the  columbtum-tree  steels  may 
show  a  little  stronger  effect  by  varving  hot- 
rolUrvg  conditions  thah  do  the  columbium- 
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treated  ones. 

The  particular  effect  of  the  columbiura  ad¬ 
dition,  on  the  other  hand,  will  naturally  cause 
higher  absolute  values  of  yield  strength/ulti¬ 
mate  strength  over  the  whole  line  of  hot-rolling 
variables. 

The  elongation  is  obviously  strongly  re¬ 
lated  to  the  strength  of  the  steel.  Elongation 
values  could  only  be  compared  provided  the 
strength  in  various  cases  is  about  the  same. 

Approximately  ultimate  strength  x  elongation 
is  constant.  This  is  a  rather  well-known  ex¬ 
pression  but  it  is  unclear  within  which  range  it 
is  valid.  In  our  investigations  we  have  used 
the  expression  yield  strength  x  elongation. 
which  at  constant  yield  strength/ultimate 
strength  will  imply  the  same  as  the  previously 
mentioned  one. 

We  have  called  yield  strength  x  elongation 
(kg/mm^  x  fir,%)  the  Q-value .  This  Q-value 
wilt  normally  vary  between  960  and  1190  with 
an  average  value  of  1080  if  calculated  on  the 
basis  of  our  investigation  results.  Within  a 
certain  heat,  however,  the  scattering  is  less 
than  the  range  mentioned. 

The  reason  why,  on  the  whole,  the  0~value 
will  vary  is  for  the  present  unknown  to  us.  A 
Q-value  of  minimun’,  1000  is  for  most  purposes 
demanded  in  our  production  as  a  reasonable  re¬ 
lationship  between  yield  strength  and  elonga¬ 
tion. 

For  a  colunrblum-treatod  steel  the  Q-value 
is  higher  than  for  a  corresponding  columbium- 
freo  stool,  while  ultimate  strength  x  elongation 
is  somewhat  lower  for  the  columbium  stool. 

For  a  certain  yield  strength,  columblum- 
treatod  steels  have  a  bettor  elongation  than 
corresponding  columbium-froo  stools  and  vlco- 
vcrsa  If  the  ultimate  strength  is  kept  constant. 

No  relation  boiwoon  uUimalo  strength  x 
elongation  and  hoi-roUing  conditions  (including 
heating  conditions  before  rolling)  has  been 
found,  although  such  a  relationship  might  exist 
between  the  Q-value  and  the  tolling  conditions. 
This  is  still  being  invostigatod. 

The  impact  propottlos  of  a  oolumblum  steel 
are  strongly  depending  on  hot-rolUng  condi- 
Uot\s .  Our  investigations  have  given  a  groat 


many  results  concerning  the  variation  of  im¬ 
pact  resistance  with  respect  to  controlled- 
rolling  conditions  used.  They  can  be  sum¬ 
marized  as  follows: 

1.  The  impact  resistance  of  a  columbium  steel 
In  the  hot-rolled  condition  is,  whatever  the 
rolling  conditions  may  have  been,  inferior  to 
an  unalloyed  or  manganese-alloy  steel  of 
corresponding  basic  composition. 

2.  The  impact  resistance  of  a  Columbian  steel 
is  strongly  influenced  by  decreasing  finishing 
temperature  on  hot-rolUng  and  by  increasing 
the  degree  of  reduction  below  the  control  tem¬ 
perature  chosen. 

3.  The  effect  of  lowering  the  finishing  hot- 
rolling  temperature  Is  very  pronounced  down  to 
800 °C.  A  further  temperature  decrease  will 
not,  however,  lead  to  a  corresponding  improve¬ 
ment  of  the  impact  resistance.  In  principle  the 
same  Is  true  down  to  a  certain  degree  of  re¬ 
duction  below  the  finishing  temperature.  Our 
investigations  have  shown  that  30%  reduction 
below  900 °C  will  give  a  marked  effect  while 
further  increase  of  the  reduction  below  the 
chosen  control  temperature  will  not  lead  to  a 
corresponding  imwovement. 

4.  Besides  the  influence  of  hot-rolling  con¬ 
ditions,  the  Impact  resistance  of  a  columbiura 
steel  is,  of  course,  also  dependent  on  the 
steel  composition  and  further  on  the  deoxida¬ 
tion  practice.  Hence  the  impact  strength  of  a 
silicon-killed  columbium  steel  is  better  than 
that  of  a  seraikilled  steel,  but  still  inferior  to 
that  of  a  corresponding  aluminum-treated  one. 
Between  these  throe  steel  typos  the  difference 
in  lovver  transition  temperatures  on  Charpy  V- 
notch  testing  is  about  10*C. 

Concerning  the  standard  deviation  of  vari¬ 
ous  basic  mechanical  properties  of  columbium 
steels  with  reference  to  a  continuous  produc¬ 
tion  of  this  stool  typo  and  the  standard  devi¬ 
ation  of  a  certain  boat  of  a  columbium  steel 
rospoctlvely,  there  does  not  seem  to  be  a  more 
Pfotvsuncad  one  than  for  ordinary  structural 
stools.  In  other  words  scatter  readings  on 
mechanical  testing  of  columbium  steels  have 
not  been  found  to  be  caused  by  the  columbium 
addition  as  such  but  is  rather  a  consequence 
of  variations  caused  by  the  basic  composition. 

There  is  a  systematic  decrease  in  yield 
strength  from  the  top  end  of  the  ingots  to  the 
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bottom  end>  but  this  Is  also  true  for  ordinary 
structural  steel  ingots. 

Properties  vs.  Heat  Treatment 

A  great  many  investigations  concerning 
heat-treatment  conditions  in  connection  with 
normalizing  have  been  performed  (Fig.  14). 


nG.  U.  MICRO-STRUCTURE  OF  THE  SAME 
STEEL  AS  IN  FIG.  10  AFTER  NORMALIZING.  IT 
IS  TYPICAL  FOR  ACOLUMEIUM  MICRO-ALLOY 
STEEL  THAT  THE  GRAIN  SIZE  IN  THE  NORMAL¬ 
IZED  CONDITION  VARIES  CONSIDERABLY. 
GRAIN-SIZE  ASTM  6-10.  -lOOx 


The  At -temperature  of  columbium  steels  dis¬ 
cussed  In  this  paper  is  840-850 *C.  The  nor¬ 
malizing  temperature  is  generally  900-920 *C. 
Without  goli'.g  into  details  the  heat-treatment 
investigations  can  be  summarized  as  follows: 

1 .  Normalizing  will  decrease  the  ultimate 
strength  to  a  level,  which  is  1-2  kg/mm® 

(I  idO-zaoo  psij  higher  than  the  ultimate 
strength  of  a  correspondlrtg  columbium-free 
stool,  indcpendontly  of  hot-tolling  conditions. 

2.  Normalizing  will  reduce  yield  strcttgih/ 
ultimate  strength  ratio  to  about  0.70. 

3.  The  impact  pioparttcs  of  normalized  colum¬ 
bium  steels  will  Increase  ii^  relation  to  the 
same  steel  in  the  hot-iollcd  condition  and  will 

l.n  most  cases  become  quite  comparable  with  or 


superior  to  the  impact  values  of  a  correspond¬ 
ing  columbiura-free,  normalized  steel  or  even 
a  normalized  aluminum-treated  one. 

4.  Normalizing  will  improve  the  Q-value  but 
not  very  strongly. 

In  connection  with  the  heat-treatment  in¬ 
vestigations  the  properties  of  columbium  steels 
after  hardening  and  subsequent  tempering  have 
also  been  studied.  This  part  of  our  investi¬ 
gations  has,  however,  until  now  covered  only 
a  small  part  of  what  we  intend  to  do  and  it 
might  be  a  little  early  to  draw  any  conclusions. 
A  columbium-carbide  precipitation  with  its 
msudmum  around  550-600 ‘C  can,  however,  be 
reported  (Fig.  15)  after  solution  treatment  at 
sufficiently  high  temperature,  e.g.  1250 “C. 

The  susceptibility  to  aging  is  generally 
less  for  a  columbium  steel  as  compared  with  a 
corresponding  columbium-free  steel. 

In  most  cases  columbium  steels  are,  in 
the  normalized  condition,  as  good  as  corre¬ 
sponding  aluminum  steels,  and  a  good  deal  of 
our  recent  investigations  have  proved  the  aging 
tendency  of  columbium  steels  to  be  le.ss 
pronounced  than  that  of  normal  flno-grained 
aluminum  steels. 

THREE  POSTULATES 

1 .  The  (unction  stability  of  a  welded  struc¬ 
ture  depends  on  the  frequency  and  types  of  de¬ 
fects  m  the  welded  joints.* 

2.  It  IS  uiueahstic  ta  believe  that  s  welded 
structure  of  any  importance  is  completely  free 
from  defects  in  its  welded  joints. 

3.  All  precautions  taken  in  connection  with 
welding  hhw  the  asm  to  decrease,  in  one  way 
or  another,  the  level  of  welding  stresses  andf* 
Of  to  prevent  the  occurrence  of  injutious  micro- 
stfuctufc  formations  winch  may  increase  .i  dan¬ 
gerous  influence  of  appearing  defects. 

1  am  quite  convinced  that  these  postulates 
are  valid.  If  so,  the  consequence  vvill  he  that 

ham^occurted  in  a  welded  situpiutc.  must 


•  Weld  metal  ^  surrounding  hoai-effectod 
zones  and  parts  under  the  influence  of 
welding  suesscs. 
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HG.  15.  DIAGRAM  SHOWING  HARDNESS  VS 
TEMPERING  TEMPERATURE  OF  STEEL  C  IN 
TABLE  I  AHER  AIR-COOUNG  FROM  900*C  AND 
U50»C  RESPECTIVELY.  AFTER  SOLUTION 
TREATMENT  AT  SUFFICIENTLY  HIGH  TEMPERA¬ 
TURE  A  MARKED  COLUMBIUM  CARBIDE  PRECI¬ 
PITATION  WILL  APPEAR  AFTER  TEMPERING 
AROUND  5S0-600-C, 

have  ortqtnatod  from  a  clofoct  in  a  welded 
iQiflt  unfler  circumstances  which  have  been 
CTlilcoI  with  respect  to  temperature  and  stross 
oondiUons. 

So  for  as  I  know  nobody  has  been  able  to 
Provo  that  this  is  not  true. 

In  the  following  pan  of  this  report  some 
special  properties  of  oolumbium  steels  in  con¬ 
nection  with  ‘.voiding  technology  will  be  de¬ 
scribed.  Before  that  the  seven  groups  of 
factors  to  be  obsorved  in  eonrwjctlon  with 
weldability  investigations  as  to  detrimental 
changes  stoutd  be  repeated; 

1 .  Longitudinal  weld  cracking  (solidification 
aacks  or  *hot  crack*?"). 

2.  Transversal  weld  aacking  (shrinkage 
cracks  or  "oooUi^  cracks"). 


3.  Hardening  embrittlement  in  the  weld  or  the 
transformation  zone  of  the  steel. 

4.  Normal  brittle  behavior  of  the  weld  or  the 
steel  below  a  characteristic  critical  tempera¬ 
ture  and  under  severe  stress  conditions,  e.g. 
residual  welding  stresses. 

5.  Embrittlement  due  to  microstructui’e  insta¬ 
bility  of  the  weld  or  the  steel  at  low  and  me¬ 
dium  temperatures. 

6.  Embrittlement  due  to  microstructure  insta¬ 
bility  of  the  weld  or  the  steel  at  high  tempera¬ 
tures.^^ 

7.  Decrease  of  corrosion  and  oxidation  resis¬ 
tance  of  the  weld  or  the  steel  due  to  residual 
welding  stresses  and/or  certain  microstructure 
formations . 

SPECIAL  PROPERTIES  OF  COLUMBIUM  STEELS 
VS.  WELDING  TECHNOLOGY 

Having  now  described,  in  a  summarized 
form,  the  basic  properties  of  columbium-alloy 
steels  vs.  processing  variables  I  ought  to  turn 
back  to  the  weldability  problems  connected 
with  this  typo  o(  steel  and  describe  how  co- 
lumbiuro-alloy  structural  steels  will  react  and 
should  be  regarded  in  connection  with  welding 
lechnobgy. 

Welding  technology  does  not  only  include 
what  IS  generally  called  weldaUlity  problems 
but  also  problems  caused  by  cutting  and  (sfro- 
ing  operations,  choice  of  filler  materials  and 
determination  of  suitable  prohoatlno  or  fiosi- 
hoatiiw  temperatures,  jf  such  precautions  are 
necessary  in  certain  cases.  A  successful 
handling  of  these  problems  and  avoiding  the 
detrimental  effects,  which  may  arise  Irom  the 
metallurgical  reactions  during  the  welding,  is 
a  requirement  to  be  fulfilled  in  order  to  offer  a 
high  degree  of  function  stability  to  a  welded 
joint  Id  the  steel. 

CJoncorning  columbium  steels  of  the  tytH> 
discussed  hero,  one  will  not  meet  any  partic¬ 
ular  {stoblems.  so  far  as  t  know,  with  regard  to 
cutting,  forming  operations  and  choice  of  iittor 
materials. 

There  Is  a  difforenoc,  of  course,  between 
plain  carbon  steels  or  carbon -manganese  steels 
and  the  columbium-alloy  steels  respectively 
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caused  by  the  higher  strength  of  the  latter. 

But  filler  materials,  which  must  not  necessarily 
or  not  even  preferably  be  columblum-alloy  ma¬ 
terials,  can  easily  be  found  as  they  have  cor¬ 
responding  strength  properties. 

Rrovided  the  equipment  used  for  forming 
can  be  applied  to  steels  with  higher  strength, 
difficulties  which  may  arise  are  of  the  same 
type  as  will  occur  for  unalloyed  or  manganese- 
alloy  steels.  During  our  investigations  no 
serious  troubles  have  appeared  according  to  the 
factors  mentioned,  which  could  not  have  oc¬ 
curred  in  columbium-free  steels  as  well. 

It  has  previously  been  mentioned  that  there 
are  sevan  main  groups  of  metallurgical  phenom¬ 
ena  to  be  particularly  studied  in  connection 
with  weldability  investigations  and  that  certain 
detrimental  changes  may  be  expected  under 
circumstances  as  a  consequence  of  these  met¬ 
allurgical  reactions. 

Columbium  as  a  micro-alloying  element  in 
a  structural  steel  does  not  seem  to  contribute 
to  either  longitudinal  or  transversal  weld 
cracking.  In  those  respects  a  columblum-alloy 
steel  will  react  as  a  corresponding  plain  car¬ 
bon  or  carbon-manganese  steel. 

For  example,  the  main  reason  for  hot- 
cracking  in  welds  is  too  high  carbon  contents 
and/or  sulphur  contents.  Neither  an  advan¬ 
tage,  nor  a  disadvantage  of  a  small  columbium 
addition  has  boon  found. 

In  the  same  way  transversal  weld  cracklivg 
is  a  problem  connected  with  the  wold  metal 
quality  and  the  shrlnkage-siross  conditions 
during  welding.  Small  columbium  additions  to 
the  weld  metal  from  the  molten  steel  does  not 
soom  to  have  any  practical  importance . 

There  is  no  obvious  reason  to  expect  that 
oolumblum  in  the  steel  will  contribute  to  a 
decrease  of  the  csrroslon  and  oxidation  re¬ 
sistance  of  the  ports  of  the  base  metal  sur¬ 
rounding  welds  in  such  a  steel.  This  is,  on 
the  other  hand,  a  part  of  the  weldability  re¬ 
search,  which  has  not  yet  been  investigated 
in  our  work. 

More  interesting  parts  of  our  weldability 
investigations  refer  to  the  risk  of  hardening 
embcittlemetn  in  the  transfotmatlon  aonos  of  a 
columbium  steel  adjacent  to  a  wold,  to  the 
risk  of  inltiauonof  brittle  fal  lutes  In  or  a¬ 


round  welded  joints  in  columbium  steels  and  to 
the  possible  change  in  properties,  which  such 
a  steel  may  undergo  because  of  thermal  insta¬ 
bility  during  heating  to  medium  or  high  tem¬ 
peratures  during  or  after  welding. 

On  rapid  heating  and  cooling,  as  during 
welding,  a  rather  pronounced  effect  of  colum¬ 
bium  can  be  observed.  This  can  be  shown  by 
means  of  a  special  weld-hardening  test  based 
upon  high-frequency  induction  heating  of  test 
bars,  whereby  the  heating  and  cooling  cycles 
on  welding  can  be  reproduced.^ 

Since  there  is  no  welding  included  in  this 
type  of  hardenability  testing,  wW^h  is  briefly 
described  in  Appendix  A.  the  testing  conditions 
are  from  time  to  time  kept  very  strictly. 

It  is  well-known  that  hardenability  dia¬ 
grams  as  they  appear  on  Jbmlny  testing  have 
been  used  for  quite  a  few  years  in  order  to 
determine  welding  conditions  for  various  steel 
types.  The  induction-heated  weld-hardening 
test  mentioned  will  offer  a  hardenability  curve 
for  the  steel,  which  can  be  used  in  the  sanie 
way  and  which  has  been  developed  so  that  the 
same  tables  as  for  the  Jbminy  hardenability 
diagrams' can  be  used  for  calculations  of  weld¬ 
ing  conditions — but  with  the  important  differ¬ 
ence  that  the  heating  and  cooling  conditions 
on  welding  can  be  simulated  in  a  far  bettor 
way. 

Provided  that  the  steel  to  be  tested  does 
not  contain  any  alloying  elements  forming  car¬ 
bides,  which  vary  slowly  will  be  brought  into 
solution  on  austenitisation  the  Jomlny  test 
could  be  used  as  well.  However,  as  soon  as 
slowly  dissolving  microstructural  elements 
occur,  such  as  carbides  of  strong  carbide 
formers,  the  Io;7)iny  curve  will  not  offer  a  true 
picture  of  the  hardenability  of  a  hoat-affocted 
^no  close  to  a  we  H. 

The  Inductton-heaiod  weld-hardenlr^  test, 
which  w'as  developed  about  ton  years  ago,  has 
proved  to  be  very  useful  for  the  determination 
of  slight  differences  In  hardenability  of  various 
structural  steels.  Figure  16  shows  a  harden- 
ablUty  curve  received  by  the  Inductlon- 
hardonltig  test.  This  curve  should  be  com¬ 
pared  with  the  curve  in  Ftg ,  It  for  a  corre¬ 
sponding  carbon-mattganose  steel  without  co- 
lumblura  addition. 

It  is  evidem  that  an  advantage  has  been 
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HG.  16.  NWH  HARDENABIUTY  DIAGRAM  FOR 

A  carhon-manganese  steel  with  a  COLUM- 

BIUM  MICRO-ALLOY  ADDITION.  IN  SPITE  OF 
A  YIELD  STRENGTH.  WHICH  IS  ^5-30%  HIGH¬ 
ER  THAN  THAT  OF  THE  CARBON-MANGANESE 
STEEL  IN  THE  NLXT  FIGURE.  THE  HARDENA¬ 
BIUTY  IN  CONNECTION  WITH  WELDING  CAN 
BE  KEPT  MUCH  LESS  BECAUSE  OF  LOWER  MAN¬ 
GANESE  CONTENTS .  SEE  AI.SO  THE  DIAGRAM 
IN  APPENDIX  C.  WHICH  SHOWS  THE  ADVAN¬ 
TAGE  OF  CHOOSING  A  HIGH  STRENGTH  MICRO¬ 
ALLOY  STEEL  INSTEAD  OF  A  NORMAL  CARBON- 
MANGANESE  STEEL  WITH  RESPECT  TO  THE 
HARDENING  RISK  IN  THE  HEiVT-AFrECTED 
ZONES  ADJACENT  TO  WCLDvS . 

ijieincci  by  alloyine;  iho  steel  wjth  e  s.tiaU  a- 
maunt  of  oolumblu.Tj  if  a  rapid  heatmg  is  ap¬ 
plied.  Consequently  calumbium  steels  must  in 
this  respect  Isp  regarded  as  having  improved 
weldability  in  relation  to  their  strength. 

Tixi  f.low  rate  by  which  ootumhium  carbides 
may  go  into  solution  in  iHe  austenite  does  not 
ocettf  to  me  as  a  probable  explanation  of  ihi.a 
behavior  of  a  rolumbium  steel.  SiiU  the  aus¬ 
tenite  in  a  heat-affeeted  ^ne  in  a  fiolumbium 
steal  is  prrsbahly  lovrer  in  carbon  than  in  the 
steel  according  to  the  actual  composition  and 
the  critical  ciooling  rate  of  such  .rit  austenite 
will  biseome  higher.  However,  the  columteoai 
contents  ape  Indeed  swt  sufficient  to  form  any 
appreciable  amount  of  colomhium  carbides,  t 
feel  that  eotumiaum  rather  may  form  an  essen¬ 
tial  part  of  the  otmentiie  but  wc  have  not  been 
able  to  prove  this,  vdt-  On  the  other  hand,  the 


FIG.  17.  NWH  HARDENADILITY  DIAGRAM  FOR 
A  CARBON-MANGANESE  STEEL  WITH  CARBON 
AND  MANGANESE  CONTENTS  CLOSE  TO  THE 
UPPER  LIMIT  OF  WHAT  IS  NORMALLY  PERMIT¬ 
TED  WITH  RESPECT  TO  WELDABIUTY  i\ND  STILL 
A  MUCH  LOWER  YIELD  STRENGTH  THAN  THE 
STEEL  REPRESENTED  IN  THE  FOREGOING 
DIAGRAM . 

golumbium  influence  on  the  cemenUto  formation 
and  localisation  is  pronounced.  The  pearUto 
will  precipitate  in  an  abnormal  shape;  the  ce- 
mentite  appears  to  a  certain  e-Ktenl  in  the  grain 
boundaries  and  is  rather  coarse.  Finally,  by 
means  of  X-ray  probe  mic.'o-ana lysis  it  has 
been  shown  that  the  ratio  of  columbium  con¬ 
tents  in  the  grain  boundaries,  in  the  pearlito 
and  in  the  fomte  are  in  the  relative  amounts  of 
about  3-1  l/2-l , 

Ttte  tendency  to  bnttie  traeture  in  a  csalum- 
blum  steel  in  connection  with  welding  will  offer 
much  ©f  interest.  It  can  bo  shown  and  has  al¬ 
ready  Lxjen  s.aid  Previously  m  this  paper  that 
the  impact  suendth  vs.  temperature  of  a  co- 
Uimbium  steel  is  genera  I  ly  not  better  and.  as 
rolled,  rather  worse  than  what  can  be  eitpected 
regardiiyj  a  correriponding  steel  without  colum- 
Iqum.  Hence  one  c@uld  easily  be  tempted  to 
state,  from  this  point  of  view,  that  coluaiblum 
steels  arc  narmally  inferior  to  the  correspsnding 
unalloyed  or  mangatttso-aliay  ones. 

This  impression  is  no  doubt  cbiaincd.if  the 
fariitle-fractuTw  tendency  is  determined  only  by 
means  of  impact  tesung  of  the  unwelded  steel. 
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The  question  is  however.  If  It  is  correct  to  ex¬ 
clude  welding  from  such  a  testing . 

.  In  most  cases  it  is  done  so  because  no¬ 
body,  so  far  as  I  know,  has  been  able  to  show 
that  any  remarkable  improvements  can  be  gained 
by  the  heat-influence  of  welding  as  to  the  safe¬ 
ty  against  brittle  fracture  of  a  steel.  It  is  rath¬ 
er  a  rule  (or  at  least  believed  to  be  a  rule)  that 
the  heat-affected  parts  of  a  base  metal  are  in¬ 
ferior  to  the  unaffected  steel  in  this  respect. 

Figures  18-19  show  quite  normal  impact 
curves  of  a  columbium  steel  in  the  hot-rolled 
and  normalized  conditions  respectively.  There 
is  nothing  abnormal  in  the  curve  referring  to  the 
normalized  condition  and  in  this  case  the  steel 

try.  tim/emi 


HG.  18.  CHARPy  V-NOTCH  IMPACT  CURVES 
roR  30  mm  STEEL  C  IN  TABLE  »  IN  THE  AS- 
ROLLED  CONDITION  (BLACK  DOTS) AND  FOR  A 
CORRESPONDING  CARBON -MANGANESE  STEEL 
WITHOUT  COLUMBIUM  ADDITION  BUT  STILL 
IN  THE  AS -ROLLED  CONDITION  AND  WITH  THE 
SAME  PLATE  THICKNESS. 

has  a  good  chance  to  withstand  severe  stress 
conditions  caused  by  sharp  notches  even  at 
rather  low  temperatures.  The  hot-toiled  con¬ 
dition  of  the  steel,  however,  does  not  create 
any  hafH>y  feelings  even  if  there  are  lots  of  oo- 
lumtxum-free  steels  with  roughly  the  same  brit¬ 
tle  fracture  tendency  already  at  high  tempera¬ 
tures. 

It  )ta$  previously  been  said  a  few  words 
about  the  aging  susceptibility  of  oohmbiua 
steels. 
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HG.  19.  THE  SAME  STEEL  PLATES  AS  IN  RG. 

18  AFTER  NORMALIZING. 

The  aging  reaction  in  a  columbium  steel 
may  occur  already  on  rapid  heating  in  connec¬ 
tion  with  pbstic  deformation  as,  for  instance, 
in  a  zone  at  a  certain  distance  from  a  weld.  A 
decreasing  impact  strength  in  such  parts  of  a 
ciolurablum-altoy  base  metal  is  shown  in  Fig. 
20.  This  is  neither  worse  nor  better  than  what 
is  to  be  found  for  most  structural  steels. 

However,  on  testing  a  columbium  steel  by 
the  NC-testing  method  (Appendix  B)  quite  an¬ 
other  picture  of  ilu!  brittle  fracture  tendency 
will  appear.  This  is  shown  in  the  diagrams  of 
Fig .  21-22.  The  two  diagrams  represent  ex¬ 
amples  of  the  hot-tolled  and  the  normalized 
condition  respectively.  It  can  bo  seen  that 
tho  transition  temperature  is  very  law  indeed, 
in  both  cases  about  -100*0. 

In  spite  of  the  sharp  notch  attack  from  a 
natural  weld  crack  it  has  been  impossible  to 
cause  a  fracture  in  a  test  bar  above  -100*C  at 
nominal  loads  below  the  yield  strength  level  of 
the  sieei,  i.e.  the  nominal  yield  strength 
tseasured  cn  unnolched  test  bars .  This  is  the 
same  yiald  strength  level  as  measured  by 
tn'^ans  of  welded  test  bars  above  the  inter¬ 
section  point  between  the  yield  strength  curve 
and  the  curve  of  the  so-called  nominal  cleav¬ 
age  strength. 
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FIG.  20.  IMPACT  STRENGTH  ACCORDING  TO  CHARPY  V-NOTCH  TESTING  AT  0*C  IN  AND  AROUND 
A  WELDED  JOINT  IN  A  HALF  INCH  STEEL  OF  THE  rfPE  B  IN  TABLE  1  (AUTOMATIC  WELDING  LEFT. 
MANUAL  WELDING  RIGHT).  THE  STEEL  WAS  IN  THE  AS-ROLLED  CONDITION  AND  A  SUGHT  DE¬ 
CREASE  IN  IMPACT  STRENGTH  CAN  BE  OBSERVED  AT  A  DISTANCE  OF  mm  FROM  THE  FUSION 
UNE.  THE  TWO  MINIMA  WITH  A  MAXIMUM  IN  IMPACT  STRENGTH  IN  BETWEEN  ON  AUTOMATIC 
WELDING  AS  WELL  AS  ON  MANUAL  WELDING  HAVE  BEEN  REPRODUCED  FREQUENTLY  BUT  ARE  NOT 
YET  FULLY  EXPLAINED.  HOWEVER.  THE  MINIMUM  .AT  A  DISTANCE  BETWEEN  5-10  mm  FROM  THE 
FUSION  UNE  IS  PROBABLY  CAUSED  BY  AN  AGING  REACTION  BUT  THE  OTHER  ONE  MAY  H.AVE  ANOTH¬ 
ER  REASON.  IT  SHOULD  FURTHER  BE  NOTED  THAT  AS  EXPECTED  THE  IMPACT  STRENGTH  OF  THE 
WELD  METAL  OF  THE  AUTOMATIC  WELD  IS  FAR  LOWTR  THAN  IN  THE  MANUAL  WELD.  BUT  FURTHER 
THAT  A  PRONOUNCED  MAXIMUM  IN  IMPACT  STl^NGTH  APPEARS  CLOSE  TO  THE  FUSION  UNE  IN 
BOTH  CASES.  THIS  MAXIMUM  IS  ALSO  REPRODUCIBIS  AND  WILL  BE  EXPLAINED  BY  THE  HG-  21- 
25.  THE  D1AGRAM.S  ARE  TAKEN  FROM  AN  UNPUBUSHED  INVESTIGATION  BY  8.  RAMSHAGE.  A  CO¬ 
WORKER  OF  THE  AUTHOR. 


U  will  furthur  be  obsoev.^d  at  vary  low 
tetnparatutes.  about  -200*C,  tho  ssomlnal 
cleavage  strength  oj  this  columiriuro  steel  (as 
well  as  o!  other  corresponding  colutnUum- 
alloy  steels)  is  siiU  surprisingly  high,  about 
20  Icg/mm*  (28,  500  psl).  At  this  temperature 
one  will  find  the  intersection  between  the  oan- 
venttonal  curves  for  ultimate  strength  and 
yield  strength.  Consequently,  and  according 
to  the  interpretation  of  the  NC-tesUng  results, 
this  will  simply  imply  that  the  stress  level 
necessary  for  lite  propagation  of  an  initiated 
brittle  fracture  is  of  the  same  order  of 


magnitude,  t.a.  about  20  kg/mtn* .  This  1® 
higher  than  for  most  other  structural  steels  and 
definitely  higher  for  columbsum  steels  than  for 
any  other  structural  steel  with  a  corresponding 
yield  strength  as  far  as  our  investigations  have 
shown. 

However,  a  great  many  NC-tesung  investi¬ 
gations  have  been  ptrformed  and  in  all  cases 
there  is  a  very  good  relationship  between  the 
temperature  tor  the  intersection  of  the  NG- 
curve  and  the  nominal  yield  strength  curve  on 
one  side  and  the  critical  impact  level  on 
Charpy  V-notch  tcsUt^i  on  the  either.  Tttc  lat- 
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FIG.  .  NC-DIAGRAM  FOR  iO  mm  STEEL  C  IN  TABLE  i  IN  THE  AS-ROLLED  CONDITION.  THE 
TRANSITION  TEMPERATURE  T  (SEE  APP.  BMS  ABOUT -» 0C*c  . 
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HG.  Zl.  KG -DIAGRAM  FOR  ^0  tam  STEEL  C  iK  TABLE  1  !K  THE  KORMAU^ED  CONOmON 
TRANSITION  TEMPERATURE  T^  IS  APPROKiMATELY  -US’C . 
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ter  is  defined  as  the  lower  change  of  the  impact 
curve  at  an  impact  value  of  about  1.5  kgm/cm^ 
(9  ft- lbs). 

Even  if  it  sounds  peculiar  a  possible  expla¬ 
nation  could  of  course  be  that  the  columbium- 
alloy  steel  for  some  reason  does  not  react  as 
other  steel  types  on  NC-testing .  In  other 
words,  the  NC-testing  method  should  perhaps 
not  on  the  whole  have  been  developed  and 
used.  I  can  already  hear  how  many  of  my  col¬ 
leagues  will  heartily  agree  with  this  opinion. 
Still  there  is  another  and  mote  reasonable  ex¬ 
planation. 

It  is  necessary  to  bear  in  mind  that  even  if 
the  NC-testing  has  been  developed  as  a  brittle 
fracture  testing  method  it  is  primarily  a  weld¬ 
ability  tasting  method  with  regard  to  brittle 
fracture. 

The  NC-test  bar  is  evidently  simulating  a 
welded  joint  in  a  steel  and  the  idea  behind 
this  testing  principle  is  that  the  steel  sur¬ 
rounding  the  welds  is  being  attacked  by  sharp 
notches  in  the  form  of  natural  cracks  in  the 
welds  during  the  testing.’  Should  it  be  so 
that  the  steel  has  not  undergone  any  important 
change  in  properties  around  the  welds  the 
testing  results  will  of  course  give  a  picture  of 
the  brittle  fracture  tendency  of  the  more  or  less 
unaffected  steel.  Were  it  so  on  the  other  hand 
that  a  certain  steel  under  the  influence  of  the 
heat  input  from  the  welding  is  strongly  affect¬ 
ed  that  tlie  occurred  changes  will  have  an  im¬ 
portance  concerning  the  brittle  fracture  tend¬ 
ency,  in  one  direction  or  another,  then  this 
would  be  dtscbsed  by  the  NC-te$t  bar. 

t  have  studied  thousands  of  results  on 
NC-testing  and  I  must  confess  that  generally 
there  is  practically  ao  influence  of  such  an 
importance  such  that  one  can  talk  abaui  an 
obvious  difference  between  the  behavior  of 
the  unwelded  and  the  welded  steal.  This  might 
sound  surprising  but  it  Is  still  a  fact. 

t  must  also  admit  that  t  got  very  astonished. 
Indeed,  when  I  rximpaied  the  NC-tesiS)^  results 
for  the  oelumbSum  steels  with  the  cs^nespandlng 
Charpy  V-nslch  curves.  Isowever.  without  any 
doubt  It  was  impossible  to  initiate  a  true  brit¬ 
tle  fracture  below  the  nominal  yield  strength 
at  temperatures  at»x-e  -100*0.  Still  the  NG- 
diagrams  obtained  appeared  quite  normal  with  a 
falling  NC-curve  (along  a  straight  line  in  the 
k>g3rlth.mic  stress  scale}  betow’  the  transition 
taopetature  menuoned.  Therefore  some  good 


reason  for  this  behavior  of  the  steel  must  exist. 

From  various  other  investigations  we  were 
pe.dorming  at  the  same  time  two  probable  expla¬ 
nations,  rather  closely  connected  with  each 
other,  appeared. 

On  NC-testing  in  general  it  is  well-known 
that  even  if  a  zone  rather  close  to  the  weld 
will  become  normalized  by  the  heat  influence 
from  the  welding,  this  zone  is  too  narrow  to 
have  any  pronounced  Influence  on  the  safety 
against  brittle  fracture  of  a  NC-test  bar.  How¬ 
ever,  would  this  normalized  zone  have  been  a 
little  wider,  an  Increased  resistance  against 
brittle  fracture  would  immediately  be  observed. 
The  results  would  probably  have  become  some¬ 
thing  similar  to  what  has  been  observed  on  NC- 
testing  of  colurobium-alloy  steels. 

However,  a  norma U zed  zone  alone  will 
never  be  a  complete  explanation  of  the  behavior 
of  the  columblum  steels.  It  has  rather  been 
shown  that  on  welding  such  steels  a  compara¬ 
tively  wide  zone  with  increased  brittle  fracture 
resistance  will  appear  surrounding  the  weld. 

The  background  is  the  following  investiga¬ 
tion: 

On  heating  a  columblum  steel  up  to  800 *C 
or  higher,  a  more  or  less  pronounced  normali¬ 
zation  effect  will  occur  in  a  quite  normal  way. 
Around  900  *0  it  seems  the  normalizing  effect 
has  reached  an  optimum  with  regard  to  the  duc¬ 
tility  of  the  steel. 

Further,  however,  we  have  found  that  on 
.simultaneous  plastic  deformation  of  the  steel  at 
elevated  temperatures  the  steel  can  be  still 
more  improved  according  to.  for  instance.  Im¬ 
pact  properties,  and  this  is  not  only  limited  to 
a  rat, her  narrow  te:nperatura  range. 

Out  investigations,  involving  s  certain 
plesiic  deformation  at  temperatures  from  ?50*C 
up  to  I0t?0*c,  hav’e  shown  that  a  marked  im¬ 
provement  of  the  impact  strength  and  a  stUl 
mare  pronounced  decrease  of  transition  tem¬ 
perature  w’sU  have  occurred  after  deformation 
attd  heating  at  S00*C. 

The  ogasau.'n  of  the  improvemenis  gairoid 
seems  to  occur  in  the  temperature  rat^e  of 
850-900*C. 

U  is  well-known,  of  course,  that  around  a 
weld  a  plastic  defort&atioa.  which  certainly 
cannot  be  neglected,  will  lake  place.  Cdnse- 
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HG.  ^3.  diagram  showing  VARIATION  OF  YIELD  STRENGTH  OF  20  mm  STEEL  c:  IM  TABLE  1  IN  T^E 
AS-ROLLED  CONDITION  BUT  AFTER  PLASTIC  DEFORMATION  5-10%  AV  VARIOUS  TEMPERATURES. 
FOLLOWED  BY  AIR-COOUNG. 
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nC-  .  DIAGRAM  FOR  THE  SAME  STEEL  AS  !N  f1G.  25  SHCAVING  THE  CHARFY  V-NOTCK  TR?A’SI  - 
TtON  TEMPERATURE  DEHNEO  AS  20  FT-LSS  FOR  THE  SAME  CONOmONS  AS  INDICATED  IN  FIG-  23- 
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Temp  X. 

FIG.  25. 

CHARPY  V-NOTCH  TRANSITION  CURVES  FOR  THE  SAME  -TEEL  AS  IN  HG.  23  AND  24  IN  THE  AS- 
ROLLED  CONDITION  (RIGHT)AND  AFTER  IQ-^,  PLASTIC  DEFORMATION  AT  850'C  FOLLOWED  BY  AIR- 
COOLING.  THE  DECREASE  OF  THE  LOWER  TRANSITION  TEMPERATURE  HAS  A  GOOD  CO.RRESPOND- 
ENCE  WITH  THE  LOWER  TRANSITION  TEMPERATURE  ON  NC -TESTING.  A  SIMILAR  PLASTIC  DEFOR¬ 
MATION  IN  CONNECTION  WITH  "HE  WELDING  OF  THE  EDGE'S  OF  THE  NC  TEST  BARS  CAN  BE  EX¬ 
PECTED  IN  THE  HEAT -AFFECTED  ZONES. 


quently  it  can  be  expected  that  hot  only  a  nar¬ 
row  normalized  zone  with  qood  impact  proper¬ 
ties  but  a  rather  wide  zone  with  still  better  im¬ 
pact  properties  will  be  surrounding  a  weld  in  a 
columbium-alloy  steel. 

The  results  of  this  investigation  are  exem¬ 
plified  by  Fig.  23-25.  It  will  be  seen  that 
transition  tomper.atures  of  the  same  size  of 
order  as  observed  on  NC-testing  have  been 
found. 

FuitRer,  and  closely  connected  to  the 
above-mentioned  experiments  at  higher  tem¬ 
peratures,  we  have  al.so  founi  that  a  rather 
strong  improvement  of  ciilumbium  steels  can 
be  realized  after  tempering  the  steel  at  5-'0- 
600*C.  This  will  still  bix»adcn  the  "safe" 
zone  around  a  wold  in  this  steal. 

The  discovery  of  tills  particular  behavior 
of  columbium  steels  offers  indeed  an  imriove- 
ment  regarding  the  weldability  of  tlus  material 
type.  It  also  underlines  that  brittle-fracture 
testing  with  regard  to  welding  technology  is 
.not  always  atiainod  if  the  affect  of  welding  is 
not  included  in  the  losiiivg  metfiod.  In  other 
words,  the  NC-iostIng  meif>od  might  bo  able 
to  offer  at  least  some  sort  of  useful  ioiorma- 
llon  about  the  function  stability  of  welds  in 
steal  with  respact  to  tho  brliile  fracture  tend¬ 


ency,  particularly  since  the  testing  method  is 
based  upon  the  most  severe  defects  to  be  found 
regarding  brittle  fracture  Initiati  u.  in  welds, 
namely  transversal  wold  cracking,  which  is 
directly  attacking  the  tronsformation  zone  of 
the  base  metal. 

There  is  another  advantage  connected  with 
eolumblum  steels  in  welding  technology. 

During  recent  years  ,1  has  boon  shown  by 
means  of  Invastig.itions  In  various  countries 
that  many  steels  used  for  welded  structure  will 
undergo  a  certain  emhrittioraont  durina  stress- 
relieving  treatment.^  at  iemp,>ratures  around 
bOO’C.  So  far  as  I  know  this  phenomenon  was 
in  Germany  related  to  low-carbon  high- 
m.anganes''  steels.  -Ve  have  lyen  able  to  con¬ 
firm  thesft  results  but  ive  arc  not  willing  to 
underline  the  danger  of  such  an  erabrittlcmenf 
!va  strongly  as  hav'c  some  German  investigators 
done,  and  wo  dJ  not  correlate  it  with  high- 
mangane,<e  craments. 

Apart  from  this  difference  in  opinion  wx? 

.Have  been  able  to  sirow  that  even  if  a  carbon- 
mangant>,?e  .stect  or  a  {rlain  carbon  steel  may 
suffer  from  such  an  emlifitilement  tendency, 
the  phonosno.ton  can  Ixs  very'  strongly  pronounc¬ 
ed  in  certain  low-alloy  steels.  This  is  duo  to 
changes  in  the  carbon  distribution  and  partlc- 
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ularly  to  carbon  concentrations  (not  carbide 
concentrations)  along  subgrain  boundaries.® 

The  columbiura  steels,  which  we  have  in¬ 
vestigated,  have  of  course  been  subject  to 
corresponding  Investigations.  It  is  quite  evi¬ 
dent  that  they  have  no  tendency  to  temper  em¬ 
brittlement  at  stress-relieving  temperatures. 
Further,  on  comparing  a  series  of  plain  carbon 
steels,  C-Mn-steels  and  corresponding  alu¬ 
minum-  and  columblum-trea  ed  steels^®  it 
appears  that  the  contents  of  soluble  aluminum 
may  be  the  main  cause  of  the  embrittlement  on 
stress-relieving  rather  than  high-manganese 
contents,  and  that  a  columbi'jm  addition  will 
inhibit  this  effect  almost  completely.  For 
example,  the  Charpy  V-notch  20  ft-lbs  level 
was  raised  after  annealing  24  hrs  at  650-700°C 
in  the  order  of  30-40  °C,  depending  on  soluble 
aluminum  contents,  but  not  at  all  for  colum- 
bium  steels.  As  was  shortly  mentioned  pre¬ 
viously,  there  is  rather  an  improvement  in 
ductility  after  annealing  columbium  steels  at 
suitable  temperatures  in  the  range  of  a  normal 
stress-relieving  treatment.  This  is  still  an  ad¬ 
vantage  from  the  welding  technology  point  of 
view . 

To  summarize,  columbium  steels,  in  which 
oolumbium  has  been  added  as  a  micro-allovlng 
element  to  a  plain  carbon  steel  or  a  carbon- 
manganese  steel,  have  properties  which  many 
times  are  better  from  the  welding  point  of  view 
than  what  can  be  expected  after  testing  the  un¬ 
welded  steel.  This  calls  for  an  intensified 
invostiqation  program  in  order  to  confirm  such 
a  rather  unusual  bohavic.-of  a  stiuctural  steel. 

Still  it  sounds  surprising  that  a  certain 
steel  tvp-j  will  not  reach  its  bast  properties 
until  it  has  been  subjected  to  a  series  of  ireat- 
monts  in  connection  with  welding,  which  are  in 
most  cases  supposed  to  impair  the  stool  or, 
under  good  conditions,  keep  si  practically  un¬ 
changed.  It  is  true  that  a  sufficiently  wide 
experience  of  columbium  stool  in  welding  fabri¬ 
cation  may  still  be  failing,  but  our  exporience 
until  now  sooms  to  have  oonflrmod  all  what  has 
been  said  above  in  any  respect. 

APPUCATtON  or  COLUMBIUM  STEELS  TO 
WELDING  rABRlCATION 

5  shall  not  go  deeply  into  what  can  be  said 
about  columbium -sloe I  application  to  welding 
fabrication.  These  steels  can  without  any 
doubt  be  recommended  to  be  put  into  welding 


technology. 

There  are  still  some  investigations  to  be 
performed  before  we  can  feel  quite  familiar 
with  this  unusual  type  of  material,  but  still 
columbium  steels  have  already  been  used  in 
welding  fabrication  of  various  kinds — the  most 
well-known  probably  being  pipelines  for  oil  and 
gas.  Hence  it  would  also  be  rather  natural  if 
somebody  would  like  to  apply  the  columbium 
steels  as  structural  steels  in  a  general  mean¬ 
ing  as  to  bridges,  house-building,  etc.  I  also 
feel  quite  certain  that  it  will  not  be  long  until 
they  will  appear  in  the  pressure  vessel  fabri¬ 
cation  . 

So  far  as  we  can  see  now,  two  different 
grades  according  to  yield  strength  may  rather 
easily  be  produced,  the  minimum  upper  yield 
strength  of  these  grades  being  about  37  and 
42  kg/mm®  .  Without  normalizing  the  impact 
properties  are  today  sufficient  up  to  1/2  inch 
plate  thickness  and  by  using  normalizing  or 
other  heat  treatments,  for  the  present  neces¬ 
sary  above  l/2  inch  plate  thickness,  impact 
properties  of  these  grades  can  be  guaranteed 
As  for  instance  20  ftdbs  at  '30°C/-40°C.  The 
various  properties  described  above  have  shown 
that  from  the  weldability  point  of  view  the  co¬ 
lumbium  steels  may  be  regarded  as  having  at 
least  the  same  weldability  as  the  corresponding 
plain  carbon  steels  and  carbon-manganese 
steels,  in  some  respects,  however,  being  su¬ 
perior  to  these  material  types  in  sections, 
equivalent  in  strength. 

Personally  I  am  quite  convinced  that  in¬ 
stead  of  increasing  the  yield  strength  of 
carbon-manganese  steels  to  the  bitter  end,  it 
would  be  wiser  to  take  the  step  over  to  the 
micro-alloy  stools,  for  instance  the  oolumbium 
steels,  by  which  a  yield  strength,  which  can 
hardly  reached  In  earbon-roanganese  steels, 
can  easily  be  obtained. 

There  Is  also  a  tendency  within  the  ship¬ 
building  industry  to  start  using  steels  with 
higher  strength  than  that  of  the  present  ship 
steels.  Actually  it  has  already  been  seriously 
discussed  to  present  new  regulations,  liased 
on  new  specifications  (or  high-strength  ship¬ 
building  steels. 

!  have  a  feeling,  unfortunately,  that  the 
trend  today  is  to  bo  rather  careful  on  suggest¬ 
ing  an  Inacascd  yield  strength.  The  stop  to 
be  expected  in  this  direction  will  probably  not 
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lead  to  what  is  normally  called  high-strength 
steels  but  rather  to  something  which  can  be 
regarded  as  a  quite  normal  yield  strength  level 
for  carbon-manganese  steels  with  a  minimum 
tensile  strength  of  50  kg/mm®  .  In  other  words, 
having  for  years  used  more  or  less  ordinary 
carbon  steels  for  shipbuilding,  the  shipbuild¬ 
ing  engineers  are  now  prepared  to  take  the 
first  step  into  an  already  well-known  steel 
group,  the  carbon-manganese  steels,  which 
have  been  used  for  years  in  connection  with 
welded  structures. 

This  statement  has  by  no  means  any 
ironical  meaning.  On  the  contrary  I  think  the 
shipbuilders  have  been  very  wise  by  avoiding 
to  introduce  the  carbon-manganese  steels  v/ith 
a  rather  high  strength  in  shipbuilding  industry. 
Anybody,  who  has  an  experience  of  welding 
in  shipbuilding,  must  be  aware  that  the  con¬ 
ditions  under  which  welding  at  the  shipyards 
many  times  has  to  take  place,  does  not  per¬ 
mit  the  careful  handling  that  the  carbon- 
manganese  steels  need  because  of  their  lim¬ 
ited  weldability  at  plate  thicknesses  above 
25-30  mm.  The  susceptibility  to  hardening 
phenomena  in  the  heat-affected  zones  in  con¬ 
nection  with  welding  is  indeed  more  than 
well-known.  Even  if  it  is  generally  said  that 
welding  without  preheating  may  be  performed 
up  to  plate  thicknesses  around  2  5  mm,  too 
many  cases  of  hydrogen  embrittlement  in  mar¬ 
tensitic  zones  along  welds  in  these  steel 
types  have  occurred  already  at  plate  thick¬ 
nesses  far  below  25  mm.  Moreover,  tius  has 
been  the  case  under  welding  conditions,  which 
have  been  far  easier  to  control  than  any  weld¬ 
ing  operation  in  shipbuilding,  for  instance  in 
connection  with  pressure  vessel  fabrication. 

One  can  refer  to  quite  a  few  such  occasions 
in  Europe  and  1  feel  rather  worried  to  have  them 
repeated  In  shipbuilding,  and  probably  more 
froquonlly. 

Nevertheless  the  carl»n-manganese  steels 
are  very  much  used  in  various  iTanchas  of 
weldinm  and  t  certalnlv  do  not  want  to  exclude 
thorn  as  steels  suitable  for  welded  structures, 

1  simply  want  to  point  out  that  when  we  have 
been  forced  to  incressc  the  strength  of  a  cer¬ 
tain  steel  ’vee  lo  such  a  degree  that  the  weld¬ 
ability  i  ;  ss  for  special  attenyon,  I  would  not 
recommend  such  steels  to  be  used  under  con¬ 
ditions  whore  this  special  attention  cannot 
always  be  paid.  This  is  indeed  not  said  in 
order  to  underestimate  the  welding  engtneerir^ 


in  shipbuilding  -  it  is  simply  a  way  of  realiz¬ 
ing  that  some  parts  of  welding  fabrication  can 
permit  strictly  controlled  welding  conditions 
and  others  cannot.  We  have  to  regard  this  as 
a  fact  that  must  not  be  overlooked,  and  remem¬ 
ber  that  the  weldability  of  a  steel  always  must 
be  considered  in  relation  to  the  welding  con¬ 
ditions  which  can  be  applied. 

Apparently,  however,  there  is  a  need  to 
adopt  steels  in  shipbuilding  which  are  higher 
in  strength  but  still  weldable  in  the  sense  that 
is  to  be  connected  with  ship  welding.  If  there 
are  not  steels  of  this  type  suitable  for  the  pur¬ 
pose,  let  us  wait  and  see  and  try  to  develop 
them  rather  than  to  apply  well-known  types  of 
the  desired  strength,  which  are  not  only  well- 
known  from  previous  succ'^ssfu!  applications 
under  certain  conditions  but  untortunately  also 
well-known  from  unsuccessful  applications 
unde:  the  conditions  to  be  considered. 

It  is  easy  to  say  that  one  should  v/ait  and 
it  is  also  easy  to  say  that  we  should  develop 
a  new  steel  type — the  requirements  of  which 
must  be  rather  high.  1  musi  admit  that  I  am  not 
quite  certain  if  I  would  have  said  what  follows 
five  or  six  years  ago,  before  the  first  results 
of  the  micro-alloying  technique  had  appeared. 

Nevertheless,  today  1  would  defirutely 
recommend  the  shipbuilding  industry  to  be  more 
careful  regarding  the  weldability  of  new  high- 
strongth  steels  rather  than  the  increase  in 
yield  strength.  In  other  words,  as  said  pre¬ 
viously,  it  is  my  opinion  that  j(  should  be 
wiser  tq  specify  a  yield  strength  of  the  now 
steels  that  will  not  permit  the  use  af  carbon- 
manganese  steels  but  rather  requires  some  type 
of  a  micro-alloy  stool,  wh,5tever  the  micro- 
alloying  clement  may  bo. 

This  must  not  Ixi  regarded  as  a  recommenda¬ 
tion  to  start  using  columbium  miao-alloy  steels 
Of  any  other  typo  too  soon.  It  should  rath-jt  ho 
recommended  that  such  steel  types  ought  to  be 
intensely  investigated  with  regard  to  any  prop¬ 
erty  that  has  an  importance  in  connection  with 
welding  in  shipbuilding.  This  may  take  a  lit¬ 
tle  time,  but  it  appearr  so  me  more  realistic 
to  Ix!  interested  in  new  and  promising  steel 
typos  than  to  Ivlieve  tn  steels,  which  have 
already  proved  to  le  loss  suitable  for  unfawr- 
able  welding  conditions. 

It  also  occurs  to  me  that  what  the  ship¬ 
builders  are  looking  for  with  respect  to  in- 


26 


creased  strength,  safety  against  various  treat¬ 
ments  and  reasonable  costs  will  probably  be 
met  by  some  micro-alloy  steals  with  a  minimum 
upper  yield  strength  of  about  37-45  kg/mm®  . 
Such  steels  will  obviously  meet  the  strength 
requirements  and  are  in  the  same  time  from  the 
weldability  point  of  view  placed  in  the  prefer¬ 
red  part  of  the  steel  group  to  which  they  be¬ 
long  because  of  the  comparatively  low-strength 
level  within  this. 

COLUMBIUM  AS  PART  OF  COMPLEX  STEEL 
ALLOYS 

It  is  not  my  intention  to  go  deeply  into  a 
lot  of  complex  steel  compositions,  in  which 
columbium  is  one  of  the  important  elements. 

I  would  like  to  mention,  however,  that  our  in¬ 
terest  in  columbium  steels  has  not  been  limited 
to  micro-alloying  structural  steels  with  colum¬ 
bium  as  the  only  micro-addition. 

It  has  been  mentioned  auove  that  columbiurr. 
steel  from  the  yield  strength  point  of  view  may 
cover  a  range  of  37-45  kg/mm®  and  it  has  also 
been  said  that  increasing  columbium  convents 
is  not  the  main  mean  to  raise  the  yield  strength 
within  this  group  of  steels.  It  is  rather  so  that 
from  many  points  of  view  it  is  preferable  to 
keep  the  columbium  contents  rather  constant, 
at  about  0.. 02-0. 03%,  and  change  the  carbon 
contents  and/or  manganese  contents  in  order 
to  reach  various  strength  properties.  This  will 
limit  the  weldability  of  the  steel  group  in  the 
way  that  at  an  upper  yield  strength  level  of 
45-50  kg/mm^,  the  carbon  and  manganese  con¬ 
tents  have  had  to  bo  Increased  to  such  a  degree 
that  a  further  increase  will  drastically  limit  the 
weldability.  In  order  to  roach  still  higher  yield 
stroiigth  levels  and.  of  course,  in  the  .same 
time  keep  other  properties  as  much  unchaiiged 
as  possible,  it  has  proved  necessary  to  de¬ 
velop  more  complex  micro-alloy  steels. 

In  the  first  place  wo  have  concentrated  on 
two  further  micro-alloying  elements  to  be  used 
In  oonneeilon  with  columbium.  aUtmlnmn  and 
vanadium.  See.  al5o.Apj>e.ml>.x._Q.. 

A  combination  of  columbium  and  aluminum, 
as  far  as  our  experience  is  concerned,  c.an  be 
summarised  vary  shortly.  U  is  doubtful  and 
peculiar.  Until  now  we  have  not  been  able  to 
disclose  why  our  results  have  become  what 
they  ha\fe  become.  On  adding  various  amounts 
of  aluminum  of  the  same  size  of  order  as  for  a 
normal  (ino-gratn  aluminum  treatment  to  a  steel 


to  which  columbium  has  also  been  added,  one 
will  find  that  the  well-known  phenomenon  of 
formation  of  aluminum- containing  sulphides  is 
very  much  pronounced.  For  some  reason  the 
aluminum  addition  will  completely  change  the 
sulphide  inclusions  as  shown  in  Fig.  26.  Such 
a  sulphide  distribution  with  long  tiny  aluminum- 
containing  sulphides  has  a  most  detrimental 
effect  on  the  bending  properties  of  the  steel  as 
well  as  on  the  elongation.  The  steel  will  show 
what  has  been  called  a  pronounced  "short 
breaking  behavior" .  We  have  investigations 
still  running  or.  this  type  of  micro-alloy  steel 
and  in  some  cases  we  have  been  able  to  over¬ 
come  this  detrimental  aluminum  effect  but  we 
cannot  always  reproduce  the  heats  which  have 
come  out  successfully,  and,  more  important, 
no  particular  advantages  have  been  found. 


We  have  been  more  successful  by  using  a 
combination  of  columbium  and  vanadium  as 
micro-alloying  elements.  It  has  proved  that  in 
order  to  increase  the  yield  strength  level  above 
what  can  be  reached  by  columbium  only  within 
reasonable  weldability  limits,  a  further  addi¬ 
tion  of  vanadium  in  the  same  size  of  order  as 
the  columbium  addition  will  extend  the  yield 
strength  range  with  another  5-8  kg/mm®,  while 
the  weldability  seems  to  remain  mainly  un¬ 
changed. 

Besides  an  increased  yield  strength,  a 
vanadium  addition  will  also  cause  a  precipita¬ 
tion  hardening  on  tempering  the  steel  witiun 
the  temperature  range  of  500-600*C,  This  is 
an  effect  corresponding  to  that  of  columbium 
which  a  further  addition  of  vanadium  wjU  in¬ 
crease.  Therefore  there  may  be  some  odvan- 
tages  connected  with  columbium-vanadium 
Steels  which  cannot  be  reached  by  columbium 
steels  only  (Fig .  27) . 

Another  effect  of  vanadium  is,  for  instance, 
that  after  nonnalizing  a  columbium-vanadium 
steel  will  not  stvow  the  same  .strong  decrease 
in  yield  strength  as  if  columbium  was  the  only 
micro-alloying  element.  Consequently  in 
practic.nl  production  work  columbium-vanadium 
steels  may  many  limes  l«  preferred  simply  be¬ 
cause  heats  itx>  high  in  yield  strength  can  l» 
norraalisod  in  order  to  fulfil  the  maximum  yield 
strength  spocifled,  while  charges  too  bw  in 
yield  strength  can  bo  lompered  at  a  suitable 
temperature  in  order  to  fulfil  tlio  minimum  yield 
strength  spocifled.  In  l»ih  cases  the  impact 
properties  of  columbium-vanadium  steel  are 
imihov'od  and,  actually,  this  stool  typo  slrould 
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always  need  some  sort  of  heal  treatment  in 
order  to  get  a  desired  safety  against  brittle 
fracture.  However,  in  this  paper  I  am  not 
supposed  to  outline  the  influence  of  colum- 
bium  in  complex  micro-alloy  steels  but  rather 
this  element  as  a  stoelmaking  variable  itseu. 
Therefore  I  shall  not  discuss  low-alloy  steels 
with  columbium  additions  either,  but  only 
mention  that  we  have  a  certain  interest  in 
manganese-molybdenum  steels  and  molyb¬ 
denum-copper  stools  with  small  columbium 
additions,  the  most  pronounced  influence  of 
which  is  an  improvement  of  the  impact  proper¬ 
ties  and  a  stabilizing  effect  on  the  strength 
ptopertlos  on  the  whole  after  treating  at  nor¬ 
mal  stress-relieving  lomperaiurcs. 

There  are  various  philosophies  to  Lni  ap¬ 
plied  to  metaUurglc%al  aspects  on  weldiiig 
technology.  Nobody  would  today  be  able  to 
say  which  of  thorn  i,s  to  lie  regarded  as  the 
best  one.  Personally  I  feel  that  nn  one  should 
bo  called  more  correct  than  anyone  else  pro¬ 
vided  we  are  dealing  with  those  on  which  tlw 
enormous  development  of  the  welding  tech¬ 
nique  has  been  based  -  and  wo  must  rotnembei 
that  there  arc  quite  a  few  of  them. 


In  technical  considerations,  however, 
there  is  one  matter  of  particular  importance  - 
consequence.  This  mentis  consequence  in 
making,  rolling,  treating,  conttolhng  and 
using  materials,  regarding  steels  as  individ¬ 
uals  as  to  their  behavior  in  a  structure  -  in 
other  words,  consequence  in  thinking. 

A  way  of  thinking,  implying  to  collect  the 
very  best  of  the  Ixist  of  methods,  materials 
and  calculations  will  have  no  sense  if  the 
consequence  is  failing.  We  should  never  let 
our  ambition  to  do  the  best  prevent  us  to  do 
somolhir,g  good. 

1  shall  finish  by  quoting  a  colleague  and 
very  dose  friend  of  mine,  wlio  has  recomly 
retired,  Mr.  T.  W,  BushoU,  former  Principal 
Surveyor  for  Metals  of  I.loyd's  Register  of 
Shipping.  Some  years  ago,  during  a  discussion 
after  a  lecture  concerning  the  brittle  fracture 
problem,  ho  summarized  his  thoughts  by  saying 
"The  explanation  of  the  fracturing  behavior  of 
a  ship  stool  should  primarily  not  be  a  matter  of 
too  much  personal  research  t'restlge  but  rather 
a  problem  of  measuring  the  safety  for  the  men 
who  sai  I  our  ships . " 
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FIG.  27.  YIELD  STRENGTH  VERSUS  VARIOUS  HEAT  TREATMENTS  AFTER  ROLLING  OF  THE  FOLLOW- 
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THE  DIAGRAM  INDICATES  THE  YIELD  STRENGTH  IN  THE  AS-ROLLED  CONDITION  (TO  THE  EXTREME 
IXn‘)AND  AN  INCREASED  YIEIT>  STRENGTH  AFTER  TEMPERING  BETWEEN  SOO  AND  650’C  DURING 
1  HOUR.  FOLLOWED  BY  COOLING  IN  THE  FURNACE.  THE  DIAGRAM  FURTHER  SHOWS  THE 


CHANGE  IN  YIELD  STRENGTH  AITER  NORMALIXING  AT  920*C  DURING  1/2  HR. .  FOLLOWED  BY 
AIR-COOLING  AND  A  FURTHER  CHANGE  IN  YIELD  STRENGTH  AFTER  HEAT  TREATING  DURING  1/2 
HR..  FOLLOWED  BY  COOUNG  IN  SAND  FROM  TEMPERATURES  WITHIN  THE  RANGE  V20-I080*C  . 


This  IS  .1  uocossiiry  suui  imporianl 
raeiu  IxisQd  on  human  oxiwjriunca  ai  us  Lost. 
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APPENDIX  A 

THE  NWH-TESTING  METHOD 

In  1952  a  Weld- Hardening  tost  was  devel¬ 
oped  by  the  Author  in  eo-oporatlon  with  Mr.  G. 
Blnl.‘*  The  following  description  of  the  method 
refers  almost  in  detail  to  a  later  publication  in 
English.^  At  the  beginning  the  method  was 
known  as  "HF-te sting"  but  has  later  become 
known  as  the  NWH-tostlng  (Norah  Weld- 
Hardening  test): 

A  hardonabillty  test  was  dovebpcd  at  the 
CSAB  laboratories  in  Sweden,  for  use  in  cases 
in  which  both  the  heating  and  cooling  processes 
arc  rapid.  It  has  proved  to  be  highly  reproduc¬ 
ible  and  to  correlate  well  with  actual  weldirtg 
experience.  The  following  describes  in  detail 
the  principles  underlying  the  tost,  and  the  ex¬ 
perimental  technique . 

The  rapidity  of  the  welding  process  does 
not  allow  complete  diffusion  and  transforma¬ 
tion  to  austenite  to  occur  in  the'  heat  affected 
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zone.  For  this  reason  the  Jominy  test  is  not 
ideal,  as  far  as  welding  is  concerned  and  in 
fact  the  microstructure  and  hardness  found  in 
the  heat-affected  zone  of  a  weld,  frequently 
differ  from  those  in  the  corresponding  area  of 
the  Jominy  test  bar. 

The  rate  at  which  a  Jominy  bar  is  heated  is 
slow  compared  with  welding  conditions,  and 

this  leads  to  complete  transformation  and  ho¬ 
mogenization  of  the  austenite.  In  welding,  on 
the  other  hand,  the  heating  period  is  only  3  to 
15  seconds;  diffusion  is  incomplete  and  certain 
alloy  carbides,  for  example,  are  not  taken 
fully  into  solution. 

Again  a  Jimlny  test  bar  for  weldability 
testing  is  austenitized  at  temperatures  about 
1100‘C,  whereas  in  the  heat-affected  zone  the 
maximum  temperature  reached  is  the  melting 
point  of  the  material — a  fact  of  primary  impor¬ 
tance,  as  regards  the  austenitization  process. 

Thus  in  the  heat-affected  zone  austenitiza¬ 
tion  temperatures  are  found  over  the  entire 
range  from  A,  to  the  melting  point  and  at  its 
outer  extremities  the  steel  will  transform  only 
partially  to  austenite.  The  Jominy  test  can 
thus  only  refer  to  one  very  small  part  of  the 
heat-affected  zone,  whereas  all  parts  are  of 
equal  interest  and  especially  the  partially 
transformed  areas. 

Moreover,  since  a  Jominy  test  bar  is  held 
at  austenitizing  temperature  for  an  appreciable 
period,  the  prior  structure  of  the  material  has 
little  or  no  influence  on  the  result.  In  welding, 
on  the  other  hand  the  prior  structure  is  of  vital 
Importance  for  the  behavior  of  the  heat-affected 
zone.  A  hardonabillty  test  closlgnod  for  the 
study  of  welding  problems  must  reproduce  these 
conditions  of  rapid  heating  and  slrart-tlme 
soaking  at  all  temperatures  up  to  the  molting 
point. 

A  further  point  of  perhaps  secondary  impor¬ 
tance  is  that  the  heat  flow  during  cooling  In 
the  heat-affected  zone  is  always  from  the  more 
superheated  parts  to  the  less  (with  a  minor 
side- loss  to  atmosphere  from  the  surface). 

This  is  not  inily  reflected  in  the  Jominy  test. 

The  size  of  the  ortgu,^I  Jominy  test  bar 
makes  it  unsuitable  (or  testing  material  under 
1  Inch  thick.  Certain  modifications  have  been 
suggested’ ,  but  it  Is  still  difficult  to  adapt 
the  tost  to  material  below  1/2  inch.  A  harden- 
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ability  test  for  welding  applications  should 
utilize  smaller  specimens,  preferably  not  re¬ 
quiring  material  more  than  1/4  inch  thick. 

Finally,  the  Jominy  test  is  not  very  suitable 
for  testing  low-carbon  steels  or  the  shaltow- 
hardening  types  of  high-carbon  steel. 

The  Jominy  test  has  been  a  valuable  aid  in 
welding  research.  However,  there  is  a  need 
for  an  improved  hardenability  test,  designed 
specifically  for  weldability  studies,  partic¬ 
ularly  with  the  increasing  use  of  low-carbon 
weldable  alloy  steels.  It  must  be  remembered, 
that  the  Jominy  test  has  been  of  greatest  value 
in  connection  with  the  repair  welding  of  fairly 
deep  hardening  high-carbon  steels. 

It  would  be  unfortunate  if  the  calculations 
relating  welding  conditions  to  the  Jominy  test 
were  to  be  rendered  obsolete.  It  is  reasonable 
therefore  in  developing  any  new  test  to  corre¬ 
late  it  as  far  as  possible  with  the  Jominy  test 
so  as  to  make  full  use  of  the  valuable  and  very 
extensive  data  which  are  already  available. 

All  these  requirements  can  be  met  by  using 
a  single  small  test  specimen  heated  by  lilgh 
frequency,  which  is  an  inexpensive  but  ac¬ 
curately  controllable  heating  method.  It  is, 
however,  apparently  necessary  to  test  the 
specimen  not  once  but  repeatedly  under  dif¬ 
ferent  cooling  conditions.  This  type  of  test 
was  under  investigation  for  some  years  in  the 
ESAB  laboratories,  with  the  aim  of  sotting  the 
optimum  conditions.  The  heat  source  used  was 
a  I  K\V  high-frequency  generator. 

A  suitable  test  bar  size  is  S  x  S  x  ISO  mm. 
The  heating  period  finally  selected  was  6  sec¬ 
onds,  the  generator  being  adjusted  to  bring  the 
high  temperature  end  of  the  specimen  Just  up 
to  molting  point.  The  procedure  finally  ar¬ 
rived  at  is  as  follows: 

As  is  shown  in  Fig.  2B  the  test  piece  is 
placed  vortlcallv  with  one  end  in  a  bath  of 
water  maintained  at  -nS'C  (+5*C)  leaving  a 
"free  length"  of  variable  length  F  projecting 
above  llv3  water  lewl.  The  top  of  the  tost 
piece  is  level  with,  and  central  in  the  heater 
coil.  After  a  6-socond8  heating  period,  when 
the  top  end  should  have  just  roacited  molting 
point,  the  generator  is  automatically  cut  out. 
The  healing  cycle  sets  up  a  temperature  gradi¬ 
ent  down  the  bar,  from  molting  point  down  to 
the  water  bath  temperature,  and  in  tltc  cooling 


ITG.  38.  TEST  BAR  ARRANGEMENT  FOR  NWH- 
TESTING.  THE  CROSS  SECTION  OF  THE  TEST 
BAR  IS  5  X  5  mm .  APP.  A. 

cycle  all  the  heat  flows  down  to  be  absorbed 
in  the  Ixrth.  Thus  initial  temperature  gra¬ 
dient  and  the  cooling  rate  depends  on  the 
value  of  F,  the  free  lenoth. 

A  series  of  tests  is  carried  out,  reducing 
the  free  length  for  each  successive  test;  the 
values  selected  are  quite  arbitrary,  the  Author 
having  used  series  such  as: 

S  -  7  -  8  mm 
S  -  1 0  -  12  mm 

3  -  13  -  25  -  50  mm.  and  sq  on. 

When  the  first  test  has  been  made,  the  free 
length  of  the  bar  Is  cut  off  at  or  just  below  the 
water  level,  whore  temper  coloring  can  ho  seen. 
Tlie  remainder  of  the  tost  bar  is  set  up  at  the 
now  free  length,  fresh  water  being  added  to  ad¬ 
just  the  water  Icvqt  atid  so  the  tests  are  con¬ 
tinued. 

The  cut  lengths  are  mounted  in  hakeliie  and 
a  longitudinal  flat  is  ground  as  in  the  Jominy 
test  to  a  depth  of  0.5  to  I  mm.  The  grinding 
mu,5t  be  carefully  carried  out  under  a  copsou.« 
stream  of  water  to  prevent  any  tempering  of  the 
martensite.  The  test  flat  is  finally  polished, 
and  Vickers  hardness  readings  are  made  with  a 
10  kg  load  at  intervaKsof  0.5  to  I  mm  abngthe 
center  line  of  the  flat.  Where  necessary  the 
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results  can  be  amplified  by  micro-hardness 
testing  in  the  areas  where  microscopic  exami¬ 
nation  suggests  local  hardness  peaks:  these 
results  will  clarify  the  macro-hardness  curves. 

With  experience  in  the  method  it  is  pos¬ 
sible  to  predict  within  limits  the  probable  be- 
•  havior  of  a  material  and  restrict  the  test  to 
those  F  values  which  might  be  considered 
critical. 

Because  of  the  use  of  high-frequency 
heaLing,  this  test  has  at  the  beginning  become 
known  as  the  HF  test  and  later  as  the  Nore'n 
We  Id- Hardening  test.' 


OG.  .’.‘K  SFGON'DARY  DIAGRAMS  ACCORDING 
TO  THF  NWH'TEisTING  METHOD  IT)R  A  I.OW- 
ALJ-OY  HIGH-STRENGTH  .RTRUCTURAl.  .STKEl.. 
(VICKERS  HAUDNE.SS  ON  10  t.OAD  VERSUS 
(‘-DISTANCE.  CORRESFONOING  TO  2.^  x 
lOMINY-DISTANCE  I  •  i 

A  eomplotv  .hqrdenahiUiy  diagram  ar,  givtm 
by  the  KWH  test  oosisists  of  a  sot  o(  hanitwss 
curves  for  the  voriou.':  F  v^ilu<’S.  as  shown  in 
fig.  i*?.  The  riiagr.ims  are  similar  to  fominy 
curves  with  (tardness  on  the  vertical  jicale  .ind 
cooling  rater  horiaontally,  in  terms  of  the  free 
kfrtgih  f.  which  tsjrre.’ipantls  in  princiule  to  the 
distance  from  the  quenched  end  in  the  lominy 
test.  The  hardness  curves  for  ih<-?  different  F 
values  are  kiwwn  as  secondary  dinar nms.  and 
show  the  hardness  variations  occurring  in  the 
heat-affected  cone  at  a  given  constard  average 


cooling  rate.  The  fusion  line  hardness  value 
in  the  base  metal  adjacent  to  the  molten  zone 
is  plotted  at  a  point  corresponding  to  the  value 
of  F  as  shown  by  the  black  dots  in  Fig.  29. 

The  remaining  hardness  readings  for  this  par¬ 
ticular  test  are  plotted  to  the  right  of  the  fusion 
line  hardness,  at  distances  corresponding  to 
the  distances  along  the  test  bar.  When  all  the 

secondary  diagrams  have  been  plotted  (Fig.  29 
contains  more  than  are  usually  required)  the 
various  fusion  line  measurements  (black  dots 
in  Fig.  29)  are  joined  by  another  curve  which  is 
known  as  the  Primary  diagram  and  corresponds 
to  the  Jominy  curve  (Fig.  30). 


FIG.  iO.  primary  Dt.AGRAM  ACCORDING  TO 
THE  NWH-TE.sTlNG  METHOD  FOR  THE  S'AME 
.TTEEl.  A.s  IN  FIG.  2^.  THE  CORRESPONDING 
lOMtNT*  CURW:  OF  THE  STEEI-  AFTER  AUSTENI¬ 
TISING  AT  UOO'C  IS  nEPRESr.NTr.D  BY  THE 
DOTS.  (VICKERS  HARDNESS  ON  I  0  kg  J.OAD 
VS  ,  r-niSTANCE.  CORRirsmNDING  T02.^S 
JOMINY -DISTANCE  -  I-l 

II  has  hf^on  (3>o;iSibl>?  to  cortvl-riv  tbo  F 
v.rlucs  empuicaUv  With  Jfsminy  diatanev .  Undvr 

the  cuntilliont-  given  (iKWtlcularly  oI  test  twr 
slac)  Uw  odfwiation  faaot  is: 

F  '  2.S  I. 

It  IS  oStviousiy  convenient  to  select  F  values 
which  arc  mulllplcs  i.**.  so  that  all  the  cal- 
culation.s  made  on  liw-  fominy  test  are  directly 
.ipplicabtc  to  tht*  NV.VH  test. 
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With  the  NWH  test  the  heating  and  cooling 
processes  in  welding  are  more  nearly  repro¬ 
duced.  A  test  which  shows  the  variation  of 
maximum  hardness  with  cooling  rate  will  also 
indicate  the  hardness  variations  with  a  given 
heat-affected  zone  cooled  at  a  given  overall 
rate.  Furthermore  the  hardness  readings  can  be 
correlated  with  microscopic  examination  of  the 
microstructures  obtained  under  various  heating 
and  cooling  cycles. 

The  test  piece  is  small  enough  to  be  appli¬ 
cable  to  most  steel  products,  and  the  test  is 
accurate,  highly  reproducible  and,  in  spite  of 
the  preparation  required  for  hardness  testing, 
rapid. 

The  test  conditions  as  described  are  the 
outcome  of  extensive  experimental  work.  Good 
agreement  is  found  between  the  NW'l  primary 
diagram  and  the  Jominy  curve  iw,  i.ioels  which 
transform  completely  to  austuPito,  at  least  in 
the  hottest  zone,  during  the  o-seconds  heating 
period.  This  is  true  in  particular  for  carbon 
steels  of  about  eutectoid  composition  with  uni¬ 
formly  dispersed  paarlite.  Alloy  steels  con¬ 
taining  stable  carbides  exhibit  differences  be¬ 
tween  NWH  and  lomlny  curves  which  are  ex¬ 
plained  by  the  incomplete  solution  and  diffu¬ 
sion  of  these  carbides  in  the  short  period 
available.  As  a  result  the  hardness  maxima 
vary  in  the  most  rapidly  cooled  tost  pieces 
(since  the  austenite  composition  is  different), 
and  frequently  the  steels  appear  to  be  deeper 
hardening,  because  the  austenitizing  tempera¬ 
ture  is  higher. 

A  special  advantage  of  the  NWH  test  is  its 
ability  to  distinguish  between  steels  of  similar 
conventional  properties,  e.g.  of  equal  ulti¬ 
mate  tensile  strength.  Different  offeeis  are 
produced  not  only  by  small  composition  differ¬ 
ence  but  also  by  differences  in  prior  structure. 
Laminar  inhomogenlties  In  rolled  plates,  for 
example  pronounced  ferrite  banding,  load  to 
local  hard  spots  in  partially  transformed  zones. 


APPENDIX  B 


THE  NC- TESTING  METHOD 


The  following  refers  to  parts  of  a  previous 
paper:'^ 


Testing  Principles  and  Testing  Method 

It  Is  assumed  that  the  reader  is  familiar 
with  the  principles  of  the  two  types  of  plastic 
deformation  of  steels  and  other  metallic  ma¬ 
terials.  It  is  beyond  the  scope  of  this  paper  to 
detail  the  two  possible  mechanisms  of  deform¬ 
ation  but  it  may  be  stated  that  the  translation 
(gliding)  mechanism  can  cause  a  considerable 
deformation,  while  twinning  preferably  takes 
place  under  complicated  stress  conditions 
and/or  at  low  temperatures:  from  a  practical 
point  of  view  the  latter  is  insignificant. 


In  the  following  the  term  “brittle  fracture" 
refers  to  a  cleavage  fracture  without  appreci¬ 
able  preliminary  plastic  deformation  of  the  in¬ 
dividual  crystals.  For  a  tensile  test  this  moans 
that  a  brittle  fracture  has  occurred  at  a  nomi¬ 
nal  stress  below  or  only  slightly  above  the 
conventional  yield  point.  In  the  first  case 
plastic  deformation  has  taken  place  only  at  the 
fractured  section  and  is  hardly  measurable. 

In  the  second  ease  a  small  amount  of  plastic 
deformation  has  occurred  in  a  laitje  material 
volume  of  metal  and  the  fractured  surface  ap¬ 
pears  "crystalline",  i.e,  the  eleav.-ige  planes 
of  the  individual  crystals  are  clearly  seen  in 
the  surface. 


To  obtain  fraciun?  as  near  as  t?o5,nble 
without  deformation  St  temperatun^s  where  uni¬ 
axial  stress  gives  rise  to  defomiation,  the  oc¬ 
currence  of  local  and  complicated  iriaxial 
stresses  in  the  materivil  is  necessary;  for  ex¬ 
ample.  this  occurs  in  the  presence  of  a  slwrp 
natch:  at  the  mot  the  notch  even  low 
nominal  stresses  can  cause  bcal  plastic  de¬ 
formation,  while  the  remainder  of  the  material 
that  IS  unaffected  by  the  mulliaxial  stress  will 
r'Cmain  largely  undeformed.  The  severest  ncich 
effect  is  caused  by  a  crack  in  the  maiersat. 
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When  loaded  the  material  will  deform  at  the 
crack  front.  At  low  nominal  stresses  this  de¬ 
formation  can  be  so  important  that  the  degree 
of  triaxiallty  in  the  stressed  condition  is  suf¬ 
ficiently  reduced  to  eliminate  the  risk  of  frac¬ 
ture  .  In  consequence  the  notch  radius  at  the 
crack  front  will  increase  as  a  result  of  the  de¬ 
formation  and  will  raise  the  level  of  triaxlal 
stress,  which  can  cause  crack  propagation. 
With  a  continuously  increasing  load,  the  in¬ 
crease  of  crack  radius  is  relatively  quicker 
and  a  new  crack  is  necessary  for  a  critical 
stress  condition  to  develop  at  a  higher  load. 

If  a  sharp  crack  front  is  always  present  in  the 
material,  however,  the  triaxlal  stress  condi¬ 
tion  at  a  certain  critical  nominal  stress  may  be 
such  that  the  material  cannot  resist  a  further 
Increase  in  stress  even  though  locally  de¬ 
formed,  Cleavage  of  the  crystals  at  the  crack 
front  then  takes  place  and  the  fracture  prop¬ 
agates  more  or  less  rapidly. 


By  means  of  a  brittle  alloy  welded  on  the 
edges  of  a  flat  tensile  test  bar,  the  conditions 
mentioned  can  be  realized  while  cracking  is 
continually  occurring  in  the  weld  metal,  as  the 
bar  is  exposed  to  an  increasing  tensile  stress. 
At  a  certain  critical  stress,  depending  on  the 
testing  temperdturo,  a  more  or  less  brittle 
fracture  is  obtained  from  one  of  the  sharp 
crack  fronts  present.  This  critical  stress, 
which  is  defined  as  the  highest  nominal  ten¬ 
sile  stress  a  steel  can  maintain  in  the  pros- 
encQ  of  an  undeformod  crack  without  the  ini¬ 
tiation  of  a  piopagaling  fracture,  is  the  so- 
called  .nominal  cleavage  strength.  It  appears 
to  the  author  that  this  is  a  charactorisUe 
property  of  a  steel  and  might  be  useful  in 
strettgih  calculations.  Considering  tlte  prob¬ 
lems  associated  with  the  brililenesa  phenom¬ 
enon  of  a  steel,  the  author  Itas  stated  the  fol¬ 
lowing  seven  points  as  a  basis  for  NC- 
tesung: 


1.  The  conventional  yield  point  of  a  steel 
rises  continuously  and  the  plasticity  at  trans¬ 
lation  falls  continuously  with  decreasing 
temperature . 


2.  Above  a  certain  nominal  loading  the  inl- 
Uatlon  of  a  fracture  at  a  sharp  notch,  such  as 
a  crack,  can  only  be  prevented  bv  olastlc 
deformation  of  the  crack  front.* 

3.  The  less  the  plastic  deformation,  the  lower 
the  nominal  load  required  to  give  a  stress 
condition  at  the  crack  front  that  will  cause  a 
cleavage  fracture. 

4.  In  consequence  the  maximum  nominal  load 
that  a  steel  can  sustain  without  cleavage 
fracture  at  a  crack  front,  i.e.  the  "nominal 
cleavage  strength,  “  decreases  with  falling 
temperature . 

5.  Further,  as  the  cleavage  strength  depends 
on  the  plasticity,  it  must  decrease  continuous¬ 
ly  with  falling  temperature. 

6.  Curves  showing  the  rise  of  yield  strength 
and  the  decrease  of  cleavage  strength  with 
falling  temporaturo  must  intersect  at  some 
temperature. 

7.  The  intersection  paint  of  the  curves  can  bo 
taken  as  the  transition  temperature  of  the  steel 
above  which  a  fracture  can  start  only  after  tlte 
occurrence  of  plastic  deformation  in  a  targe 
volume  of  material  but  bo  low  which  the  frac¬ 
ture  atari  and  pregross  require  negligible  local 
plastic  defonnailon  in  the  fractured  section 
(i.e.  brittle  fracture). 

In  .a  similar  way  to  the  yield  point,  the 
nominal  cleavage  strength  is  a  characteristic 
of  evwy  steel  for  a  certain  strain  rate,  depth 
of  notch  aiid  sharpness  of  notch.  As  previous- 


•  By  “raminal  loading”  is  meant  tlte  stress  calculated  on  the  total  cross-sectional  area  of  the  test 
piece  (including  welds)  until  the  welding  fractures.  As  soon  as  a  crack  starts  in  the  welding  all 
the  applied  load  is  transferred  to  the  total  cross-sectional  area  of  the  welded  test  piece  less  the 
area  of  one  of  the  reetding  layers.  The  investigations  lta\»e  shown  that  the  chance  of  fractures 
recurring  in  both  welding  la^’ers  at  the  same  sitae  and  opposite  each  other  is  very  small.  It  can 
be  added  that  the  trerrectlon  duo  to  the  layers  o!  welding  h.as  tittle  effect  oompared  with  the 
ttomal  divertiances  in.  for  example,  the  yield  point  of  normal  test  pieces  taken  in  different  po¬ 
sitions  in  the  test  material.  No  great  error  will  occur  in  practice  if  the  calculations  are  made 
with  the  area  of  the  test  piece  before  welding.  However,  such  an  emir  should  not  be  made  even 
if  It  has  little  effect. 
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ly  stated  It  can  be  expected  that  the  cleavage 
strength,  as  the  yield  point,  will  vary  con¬ 
tinuously  with  the  temperature,  provided  that 
the  other  conditions  of  testing  remain  constant. 
At  the  defined  transition  temperature,  the 
cleavage  strength  coincides  with  the  yield 
strength .  Later  It  will  be  shown,  however, 
that  this  transition  temperature  called  Tc  does 
not  re|»esent  the  one  below  which  brittle  frac¬ 
tures  occur  and  above  which  only  fibrous 

fractures  (shearing  fractures)  take  place. 
Typical  crystalline  fractures  are  also  observed 
at  temperatures  sUghtly  above  Tc  and  obviously 
(this  is  discussed  later)  another  and  higher 
transition  temperature  called  T,  exists  above 
wldch  nothing  but  shearing  fractures  are  ob¬ 
served.  In  principle  Tc  and  T,  correspond  to 
the  two  change  points  of  a  temperature-impact- 
strength  curve.  The  dimensions  of  the  NC- 
test  bar  and  the  welding  of  Its  edges  are  shown 
In  Fig.  31;  the  rate  of  loaditrg  used  is  10  mm/ 
min.,  and  before  testing  the  test  pieces  are 
cooled  in  a  suitable  medium  such  as  solid  car¬ 
bon  dioxide,  liquid  oxygen  or  the  like.  The 
temperature  is  measured  by  a  gauge,  which  Is 


FIG.  31 .  TEST  m  TYPE  USED  FO«  KC- 
TESTIKG.  APP.  B. 


thoroughly  Isolated  from  the  influence  of  the 
surrounding  air,  and  the  temperature  is  regis¬ 
tered  by  a  resistance  thermometer.  Before 
testing,  the  specimen,  fitted  In  the  grips,  is 
allowed  to  warm  up  until  the  desired  tempera¬ 
ture  is  nearly  reached,  whereupon  the  load  is 
applied. 

Testing  Results  and  the  Relationship  between 
NC-Testlno  and  Other  Methods 

A  great  number  of  static  NC-tests  have  been 
carried  out  by  the  present  author  and  others, 
and  it  has  been  found  that  the  critical  tempera¬ 
ture  at  which  the  yield- strength  curve  and  the 
curve  of  the  nominal  cleavage  strength  in¬ 
terest,  Tc ,  is  located  without  exception  within 
the  same  temperature  interval  as  the  lower 
change  point  of  a  Charpy  V-notch  curve.  As 
far  as  ordirtary  low-carbon  structural  steels 
are  concerned,  the  transition  temperature  re¬ 
ferring  to  NC-tes  ig  corresponds  to  a  numer¬ 
ical  value  of  the  Charpy  V-notch  impact 
strength  between  1  and  3.5  kgm/cm®  (about 
6-20  foot-pounds).  The  critical  impact 
strength  value,  however,  is  not  independent  of 
the  yield  strength  of  the  steel.  (This  will  bo 
shown  later.)  Fig,  32  shows  the  relationship 
between  the  NC  curve,  the  yield- strength 
curve  and  a  Charpy  V-notch  curve  including  the 


HG-  33-  DIAGRAM  $isO\VSKG  IN'  PSIN'CliPlX 
THE  RELATION  Rt-TAVEEN  T!IE  ATEI-D  .STRENGTH 
CURVE.  THE  Ni)  CURVE  (THE  KQMlNAi.  CLEAV¬ 
AGE  STKENWHl-  THE  CURVE  FOR  PSOPAGATSON 
or  A  aSITTlE  ERACTURE  ACCORDING  TO  THE 
NC -TESTING  RtETHOO  AND  THE  CHARPV  V- 
NOtC  HI  MPACt  CURVE-  APP.  B. 

P3!i41it>n  of  SfSie  tw-a  tcaperaiurfis  Tt 

and  Tt ,  The  way  the  impart  cutw  as  well  as 
the  NC  curve  {all  off  at  higSwr  tesipeiatures 
should  be  noted,  5n  both  casts s  this  weans 
that  in  calculating  th«  energy  absorption  and 
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the  nominal  cleavage  strength  respectively, 
one  has  not  paid  attention  to  the  reduction  In 
area,  and  the  values  obtained  are  too  low.  The 
reduction  In  area,  on  the  other  hand,  shows 
that  the  material  at  the  testing  temperature 
possesses  a  higher  degree  of  plasticity.  Con¬ 
sequently,  the  upper  change  point  of  the  NC- 
curve  as  well  as  that  of  the  Impact  curve 
simply  imply  that  at  this  temperature  the  steel 
has  reached  a  temperature  range  within  which 
complete  s.iearing  fractures  arc  obtained.  An 
attempt  to  find  a  numerical  value  of  the  upper 
change  point  of  the  Charpy  V-notch  curve,  as 
has  been  found  with  regard  to  the  lower  change 
point,  has  failed,  a  fact  that  Matton-Sjdberg*® 
has  underlined  in  connection  with  his  interpre¬ 
tation  of  impact  strength  curves.  Nevertheless 
the  upper  change  point  of  the  Charpy  V-notch 
curve  will  always  be  found  at  practically  the 
same  temperature  as  the  upper  change  point  of 
the  corresponding  NC-curve.  No  correlation 
exists  between  the  numerical  value  of  the 
Charpy  V-notch  impact  strength  at  T,  and  the 
level  of  yield  strength  or  nominal  cleavage 
strength  at  the  same  temperature,  ho.ycver.  On 
the  other  hand,  where  the  two  latter  properties 
coincide,  there  is  no  doubt  that  the  correspond¬ 
ing  Charpy  V-notch  value  falls  within  a  com¬ 
paratively  narrow  temperature  range.  The  part 
of  the  impact  curve  between  the  lower  and  the 
upper  change  point,  wl«jr©  the  steepest  slope 
is  to  be  found,  as  well  as  the  part  of  the  NC- 
curve  between  T  and  T,,  represent  the  tem- 
lieratore  range  within  which  suffieter.t  plas¬ 
ticity  of  the  steel  occur?  to  permit  uaaslation 
at  a  erae's  and  in  a  large  volume  of  material; 
yet  the  material  has  insutfieient  ability  for 
plastic  deformation  and  for  absorptian  of  ertetgy 
effectively  to  stop  a  ptopagaung  fracture. 


Both  uansition  temperatures,  T;  and  T, , 
are  important  with  regard  to  the  tendency  of 
welded  structures  to  lirittEe  fracture.  Si.mpty, 

Ti  is  the  lowest  teaperattire  at  which  a  steei 
can  still  deform  plastically  despite  the  pres- 
ence  of  tracts  .and  above  which  the  weldis^ 
stresses  are  yrob'ably  ef  rw  conscrsstgncxr .  the 
temperature  T»  is  afrpjossmatsly  the  ene  ahave 
which  a  steel  may  be  regarded  as  crach- 
errosting  due  to  the  occurrencsi?  ef  true  shearing 
Itacture.  Discussions  concerning  the  impee- 
lanee  of  the  lower  leiaperature  T,  in  canmctivfi 
With  welding  stresses  have  been  pal^Ushed  by 
Soete,  Boyd,  and  others*'' aisS  fey  means  of 
StC  testing  it  has  been  possible  to  put  forward 


experimental  evidence  to  support  the  valuable 
contributions  of  these  authors  (see  below). 

Finally;  before  certain  features  of  the  NC 
test  results  are  interpreted,  the  following  must 
be  underlined  as  one  of  the  most  Important 
statements  concerning  service  failures  through 
brittle  fractures  of  welded  as  well  as  unwelded 
structures.  The  presence  of  a  defect  in  the 
material,  representing  a  severe  notch-effect 
under  the  loading  conditions  applied  to  the 
structure,  is  necessary  for  the  initiation  of  a 
fracture  and  for  the  increased  risk  of  a  service 
failure  whan  the  temperature  falls. 

In  the  absence  of  a  notch,  the  strength  of 
a  steel  will  increase  as  the  temperature  falls. 

If  a  notch  cf  the  same  sharpness  as  that  used 
in  the  Charpy  V-notch  test  is  cut  in  a  tensile 
test-bar,  e.g.  Tipper-iest  specimen,  no 
detrimental  influence  will  occur  in  the  s’rength 
of  the  bar  as  the  stress  for  fracture  as  well  as 
the  yield  strength  continuously  increases  with 
decrease  in  temperature.  In  most  cases  a 
notch  has  to  have  about  the  same  sharpness  as 
a  true  crack  to  be  dangerous. 

The  Influence  of  Temperature  on  NC  Curves 

It  has  been  sliown  that  a  sirailarity  between 
an  NC  curve  and  an  impact- strength-tempera¬ 
ture  curve  exists,  and  therefore  it  might  fee 
assumed  that  the  two  curve  types  are  influ¬ 
enced  by  the  same  property  of  the  steel.  An 
attempt  tc  express  the  whole  curve  in  terms  at 
matliematics  would  probably  bs  unsuccessful 
because  of  the  complexity  caused  by  the  tc- 
duciion  in  ate^  o;  the  test-bat  in  shear  frac¬ 
turing.  ffo'iveve.r.  It  might  be  possible  to  tsnd 
a  simpler  law  e.xptessirxs  the  shape  oj  the 
curves  within  the  tempgrosurv  range  where  test- 
bars  exjxjfienee  liUtc  reduciton  in  area. 

If  a  Charpy  V-notch  curve  is  C!om|«tred  with 
an  KC  Curve,  as  Has  been  :  or.e  in  Tig.  J£,  one 
Will  find  that  the  main  4  the  fertne.r,  l.e. 
the  past  with  the  steepest  lope,  O-Wesponds 
t9  a  Cempsratively  small  past  ol  the  JCC  curve, 
s»hsety  the  ose  just  above  the  point  lOf  iraer- 
secti^n  between  she  !*C  tnisve  aT.d  the  yie'ld- 
strength  0»ve.  This  seesis  to  show  that  it  iS: 
better  tJi  use  the  NC  curves  for  a  closer  studv 
e{  the  part  that  ;s  influenced  fey  the  reduc¬ 
tion  in  area.  The  seven  points  summasisShg 
the  feiasis  for  NC  testing  include  tb«  fact  that 
the  slope  of  an  NC  gbjvw  depends  .on  the  pos¬ 
sibility  ai  plastic  ^-foewatson  at  the  frosu  of 
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The  two  variables  are  expressed  as  follows: 

Ns  =  -^  =  as  (To  -  T, )  (3) 

^so 

where  O’,,  is  taken  as  an  expression  for  the 
upper  yield  point  at  the  testing  temperature, 

(73;,  as  the  upper  yield  point  at  the  original 
temperature,  and  consequently  N:  the  relative 
yield  point.  T,  is  taken  as  the  origin  tempera¬ 
ture  and  T,  as  the  testing  temperature  at  which 
(7.,  has  been  measured.  Finally,  a,  is  a  pa¬ 
rameter  used  as  an  expression  for  the  resist¬ 
ance  to  translation  under  the  prescribed  test¬ 
ing  conditions. 

A  similar  expression  can  l?o  used  for  the 
nominal  cleavage  strength,  namely 

N,  = -^  =  a^  (T.  -  Te)  (4) 

which  indicates  a  decrease  in  nominal  cleavage 
strength  with  falling  temperature  in  contrast  to 
the  increase  of  yie'd  strength  when  the  temper¬ 
ature  decreases.  Here  O'.,  means  the  nominal 
cleavage  strength  at  the  original  temperature 
Tj,  (7;x  the  nominal  cleavage  strength  at  the 
testing  temparature  T,,  and  consequently  N. 
the  relative  nominal  cleavage  strength.  Ae  a 
result  of  the  notch  effec't.  the  parameter  O:  is 
.not  similar  to  a.  in  the  foregoing  equation. 

It  is  obvious  that  this  property  is  the  one  Whan  T,  coincidos  with  ,  the  relative 

influencing  the  position  of  the  conventional  yield  strength  as  well  as  the  relative  nominal 

yield- strength  curve,  and  therefore  a  correla-  cleavage  atre'yjih  N^  .have  values  of  unity:  17,, 

tlon  probably  exists  between  the  influetree  of  therefore  equals  (7; ;  (the  paint  of  intarseclion 

temperature  on  the  upper  conventional  yield  between  the  ylnlU-sti’cagth  curve  and  the  NC- 

strength  and  on  the  nominal  cleavage  strength.  curve,  i.c.,  tho  stmng'li  o'  an  NC  lept-bar  a; 

It  can  be  shown  that  the  yield  strength  is  an  transition  tomporature  as  defined  for  the. 

exponential  function  of  the  temperatu.'o  and  it  method  of  testing).  The  use  of  Cq.  (3J  and  (4) 
is  possible  to  use  the  same  type  of  expression  obtain  appioximate  values  of  the  propertiaa 

for  the  nominal  cleavage  strength.  The  auilior  steels  with  tempenature  variaiion 

has  simplified  the  well-known  expression  easily  be  shown  axperimemaUv. 

The  characferl sties  of  steels,  having  t!i? 

Y  =  ^  (1)  same  yield  strangth  at  the  sanx*  transition 

icmpHirnture  bet  different  wagnitudeu  of  the 
given  in  Ref.  20,  (v  ^  loading  .ate,  T  absQ-  l»rameter  a  are  r<»present«d  by  ttw  curws 
lute  temperature,  R  the  gas  constant,  Q  shown  in  Fig,  .33.  Now  the  term  T..  can  bn  >e- 

an  energy  of  activation,  r  «  "a  small  number’'),  placed  bv  T,  ;  the  slopes  of  iho  ctirves  given 

by  using  by  Eq.  (3)  arid  (4)  can  be  exswoKsed  as; 

y  =  (2)  Kl  *  -a-  (Tj  -  T,)  In  a,,  <S) 


the  notch  or  crack  in  the  welded  layer.  This 
can  also  be  expressed  by  saying  that  the  cracks 
in  the  weld  can  initiate  a  fracture  if  the  test¬ 
ing  conditions  are  such  that  the  test-bar  ma¬ 
terial  has  a  certain  resistance  to  plastic  de¬ 
formation  at  the  crack  front,  i.e.  if  the  re¬ 
sistance  to  translation  is  high.  A  low  nominal 
cleavage  strength  within  the  temperature  range 
below  the  transition  temperature  thus  corre - 
sponds  to  a  high  resistance  to  translation  and 
vice  versa. 

The  resistance  to  translation  depends  upon 
certain  "external"  factors  such  as  stress  con¬ 
dition,  temperature,  rate  of  loading,  etc.,  and 
also  upon  seme  "internal"  properties  of  the 
steel  such  as  grain  size,  dislocation  condi¬ 
tions,  presence  of  residual  stresses  and  the 
influence  on  the  lattice  of  previous  mechanical 
and  thermal  history  (aging,  previous  dynamic 
loading,  etc.).  Generally  the  "external"  fac¬ 
tors  can  be  controlled  by  means  of  resting 
conditions,  but  the  "Internal"  ones  are  diffi¬ 
cult  if  not  impossible  to  express  by  means  of 
the  usually  accepted  physical  definitions  or 
terms.  The  resulting  phenomenon,  which  in¬ 
cludes  all  the  factors  mentioned  as  well  as 
others  that  are  not  stated,  may  be  called  the 
resistance  to  translation.  It  (s  not  feasible  to 
derive  an  expression  for  this  quantity  in  terms 
of  Its  different  parts,  as  only  a  few  of  them 
can  be  expressed  with  sufficient  accuracy. 

For  the  present,  therefore,  the  following  dis¬ 
cussion  will  only  include  "resistance  to  trans¬ 
lation"  as  a  general  term. 
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FIG.  33.  SET  OF  NC  CURVES  WITH  THE  SAME 
TRANSITION  TEMPERATURE  T  (-30”C)  .3UT 
VARIOUS  RESISTANCE  TO  TRANSLATION  (a).  IF  ' 
THE  STRESS  IS  PLOTTED  ON  A  LOGARITHMIC 
SCALE  VS.  TEMPERATURE.  THE  CURVES  WILL  BE 
REPRESENTED  BY  STRAIGHT  LINES  ACCORDING 
TO  THE  EQUATIONS  GIVEN  IN  THE  TEXT.  APP.B. 

NI  =  a«  (T.  -  T, )  In  (fe) 

Further  It  will  b®  troled  that  the  straight  lines 
repr(?senling  Eg.  (3)  and  ("J)  {Eq.  7  and  8)  on  a 
logaritliinic  plot  have  the  same  slope  as  the 
cur\»«s  at  the  transition  tomparature: 

In  N,  •  {T;  -  T.)  In  a,  (7) 

Ui  K  j  {T.  -  Tr.Un  ar  ^8) 

Th<*  validity  of  th  a  abovo-monlionod 
equations  fas  bast  as  apiiroslmaw  ewwe.sslons) 
was  choclicd  by  comparing  theoreiical  and 
actual  resultij  of  a  largo  oumbor  of  NC  tests. 


It  Siicms  rsa;SOJiablc  to  expect  that  tho 
energy  absorption  in  an  jmpivvd  test  at  temper- 
aiuros  tfatew  the  posh!  of  Sirtcr t«rciiop  Ivetwoan 
the  two  curves  of  an  NC  diagram  Hhould  be 
insignificant,  twi  a  is  rao»e  Uhcly  that  Ok* 


energy  level  depends  on  the  yield  strength  of 
the  material  at  the  testing  temperature.  If 
this  is  so,  the  energy  absorption  in  impact 
tests  made  at  the  transition  temperature  T 
(for  NC  testing)  should  decrease  with  the  yield 
point  of  the  steel.  This  would  support  the  use 
of  different  minimum  requirements  for  the 
critical  impact  strength  of  different  steels  de¬ 
pending  on  the  yield  strength. 


One  of  the  most  important  observations  of 
the  investigations  described  is  as  follows: 

Evidently  a  steel  cannot  possess  both  a 
high  nominal  cleavage  strength  at  lov/  temper¬ 
ature  and  strong  energy  absorbing  properties 
on  fracture  at  higher  temperature .  For  a  stee  1 
with  a  flat  NC  curve,  the  nominal  cleavage 
strength  is  considerable  at  temperatures  below 
T:,  but  the  energy  absorption  in  shearing  frac¬ 
ture  will  only  be  importai'  at  comparatively 
high  temperatures.  On  the  other  hand  a  steep¬ 
ly  sloping  NC  curve  indicates  a  low  nominal 
cleavage  strength  below  T:  but  high  energy¬ 
absorbing  properties  slightly  above  this  tem¬ 
perature.  The  latter  type  of  steel  has.  there¬ 
fore,  a  lower  transition  temperature  for  shear¬ 
ing  fractures  T, ,  than  the  former:  a  high  re¬ 
sistance  to  translation  brings  T,  closer  to  T- 
and  vice  versa. 


Interpretation  of  NC  Diagrams 

The  following  interpretation  ot  an  NC  dia- 
gr.am  is  based  on  the  assumption  that  the  con¬ 
tinuous  NC  curve  rcprosenis  the  nominal 
cleavage  strength  ot  a  steel:  the  latter  is  de¬ 
fined  as  the  highest  nominal  stress  a  steel  can 
sustain  in  tlie  presence  and  under  the  inlluenee 
M  a  notch  cau,sed  by  a  crack  and  for  particular 
conditions  oi  tecti:ig.  In  effect,  the  -NC  curve 
espressos  the  nominal  stress  necessary  tor  the 
initiation  ot  a  brittle  fracture  as  a  function  ot 
temperature  and  tor  the  other  prescribed  con¬ 
ditions  . 

U  is  lmi>;»rtant  to  recognlco  that  a  fracture 
wry  seldom  starts  in  an  NC  lest- bar 
t^latfclv  after  a  crack  occurs  in  one  of  the  weld¬ 
ed  edges  of  tiw  bar.  T?«reforc.  the  observed 
nomln.'jl  strfl.eu  is  not  the  stress  that  propagates 
?ho  r?sjck  throogh  the  tested  material,  but  rep- 
ras^nts  ths  nomijial  gtrgssjor.  lnitia.tiM.a 
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fracture  at  the  front  of  a  sharp  notch  that  is  al¬ 
most  undeformed. 

Another  important  assumption  on  which  the 
method  of  testing  Is  based  Is  that  the  energy 
developed,  when  the  weld  cracks.  Is  so  small 
that  It  gives  no  essential  addition  to  the  ap¬ 
plied  external  nominal  tensile  stress. 

From  an  examination  of  the  brittle  fracture 
of  steels  and  the  characteristics  of  a  steel,  to 
arrest  a  running  crack,  it  is  evident  that  (a) 
a  certain  minimum  stress  must  be  applied  to  a 
steel  for  an  existing  fracture  to  propagate  any 
considerable  distance;  (b)  another  minimum 
stress,  usually  greater  than  (a),  must  be  ap¬ 
plied  to  initiate  a  brittle  fracture. 

It  is  now  clear  that  the  minimum  nominal 
stress  for  either  purpose  need  not  arise  purely 
from  external  loading  but  may  be  completely  or 
partly  due  to  elastic  prestresses,  e.g,  in¬ 
ternal  welding  stresses,  other  residual  stress¬ 
es,  or  high  elastic  stresses  caused  by  an 
elastic  shock  wave  developed  by  a  propagating 
brittle  fracture.  The  maximum  value  of  the 
last-mentioned  type  of  stress  occurs  just  in 
front  of  the  running  crack. 

Elastic  prestresses  of  residual  type  may  be 
regarded  as  either  a  pure  stress  addition  to  an 
external  service  stress  or  a  cause  of  an  in¬ 
creased  degree  of  triaxlality  or  complicated 
effects  of  both.  This  leads  to  the  observation 
that  a  brittle  fracture  may  be  initiated  as  well 
as  propagated  over  a  considerable  distance 
even  if  no  external  load  has  Ixicn  applied  to 
the  material.  In  this  case  the  internal  stress 
must  roach  and  maintain  the  required  level 
without  any  external  addition. 

U  is  far  from  rare  that  brittle  fractures 
occur  in  unloaded  welded  structures  merely  as 
a  consequence  of  the  welding  stress  level,  if 
a  sharp  notch,  e.g.  a  defect  in  a  weld,  is 
present.  It  i$  important  to  record  that  cracks 
formed  in  this  way  usually  have  a  very  short 
‘‘deadening  distange*'.  This  may  be  interpreted 
as  Indicating  that  the  elastic  shock  wave 
formed  at  the  fracture  front  cannot  maintain 
the  required  stress  level  for  more  than  a  short 
lime  after  t(>e  internal  stress  has  been  re¬ 
lieved.  The  CTack  will  therefore  stop  when  it 
reaches  parts  of  the  maieri.al  in  which  normal 
inicrttal  and  external  stresses  are  absent. 

For  a  particular  nomittal  stress,  ti  has  al¬ 


ready  been  stated  that  the  initiation  of  a  brit¬ 
tle  fracture  at  the  root  of  a  sharp  notch  can 
only  be  presented  by  plastic  deformation  at 
the  front.  This  critical  stress  condition  de¬ 
creases  with  decreasing  temperature.  How¬ 
ever,  there  is  another  factor  which  strongly 
Influences  the  possibility  of  plastic  deforma¬ 
tion  at  d  notch-front,  namely  the  strain  rate®^  - 
the  higher  the  strain  rate,  the  less  the  plastic 
deformation.  The  translation,  the  only  type  of 
deformation  which  is  of  practical  importance, 
is  strongly  time-dependent.  For  example,  the 
rapidly  increasing  yield  strength  of  a  steel 
with  increasing  high  strain  rate  in  conventional 
tensile  testing,  is  well  known.  Thus  at  suf¬ 
ficiently  high  strain  rate,  a  brittle  fracture 
can  also  be  initiated  by  a  nominal  stress  which 
falls  well  below  the  NC-test  nominal  cleavage 
strength  at  a  particular  temperature  -  the 
greater  the  shock  effect  of  high  strain  rate,  the 
lower  the  nominal  stress  level  to  cause  a 
cleavage  fracture.  The  latter  statement,  how¬ 
ever,  seems  only  to  be  valid  down  to  a  certain 
limit  characterizing  each  particular  steel. 


There  are  certainly  experimental  difficulties 
in  the  accurate  determination  of  this  limit  for 
a  steel,  but  a  reasonable  approximation  ap¬ 
pears  to  be  provided  by  a  feature  of  the  NC 


curve.  It  is  known  that  in  the  temperature 
range  of  -1  50  C  to  -200  C  almost  completely 
brittle  cleavage  fractures  occur  even  with  uni¬ 
axial  stress  application.  Slight  plastic  de¬ 
form.  ■  'in  may  he  unavoidable  in  tensile  tests 
made  within  this  temperature  interval  or  at  still 
lower  temperatures,  but  from  a  practical  point 
of  view  this  unavoidable  deformation  can  bo  re¬ 
garded  as  negligible.  The  above  temperature 
range  may  therefore  be  associatod  with  id  I 
plastic  deformation  of  a  steel.  Consoauently. 
no  plastic  deformation  can  Oceur  at  a  crack 
front  Within  this  range.  Thus,  if  an  extrapola¬ 
tion  .-M'  the  straight  line  given  by  an  NC  curve 
on  logarithmic  aeala  is  made  down  to  say 
-200  C.  a  value  of  the  nominal  eSoavsge 
strength  is  obtained  whteii  is  the  lawertTiOtai- 
nat  stress  that  can  cause  g  cleavage  fracture 
at  the  front  of  a  tr.ack.  Tliis  limit  value,  here 
called  0.,  (p  for  projxigation)  i-s  nothijig  but 


practical  purpose  anv  form  of  deformation  can 


It  is  Quito  cvidcm  that  a  typical  condition 
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of  stress  in  a  steel  when  negligible  plasticity 
occurs  at  a  crack  front,  is  associated  with  a 
propagating  brittle  fracture.  The  essential 
factor  that  prevents  plastic  deformation  Is  the 
high  strain  rate,  since  the  influence  of  the 
strain  rate  predominates  that  of  temperature 
over  a  wide  temperature  range.  Cleavage 
fractures  can  progress  as  soon  as  the  nominal 
elastic  stress  exceeds  a  certain  level.  A  well- 
founded  opinion  is  that  the  nominal  stress  level 
reguired  Is  approximately  the  same  as  the 
graphically  determined  value. 

It  is  important  to  note  that  initiation  and 
propagation  of  a  brittle  fracture  apply  to  the 
same  phenomenon,  and  the  term  "propagation” 
can  be  replaced  by  "continuous  initiation". 
There  is  experimental  evidence,  which  con¬ 
firms  that  propagation  can  be  interpreted  in 
this  way. 


The  ffr  a  -  level  mav  be  regarded  as  an  ap¬ 
proximate  value  of  the  nominal  stress  which  is 
the  minimum  demanded  for  continuous  initiation 
of  a  brittle  fracture  (propagation) . 


The  NC-testing  method  has  been  described 
In  several  other  papors'"®^®^"®'*  and  the  fore¬ 
going  description  might  bo  completed  by  quot¬ 
ing  another  one:® 

The  above-mentioned  will  underline  the 
importance  of  the  slope  of  (lie  NC  curve  -  the 
steeper  the  curve  tho  lower  its  critical  stress 
for  propagation  of  a  brittle  fracture.’"'*  Ac¬ 
cording  to  the  NC-testing  method  stress  levels 
necessary  for  brittle  fracture  propagation  as 
low  as  about  O.S  kg/mm®  have  fairly  frogootitly 
been  found  for  ordinary  carbon  steels.  How¬ 
ever,  even  if  such  low  values  may  Ivj  regarded 
as  exceptions,  utialloyed  siructurvul  steels 
with  cnsical  nominal  stress  levels  (or  brittle 
fracture  ptopagaiion  oxcocding  7-ti  kg/mm®  are 
not  often  obser\*od . 

Turther  aspects  on  the  slope  of  the  NC- 
curve  and  its  importance  have  been  discussed 
in  previous  papers.’"*  To  summarise,  a  sioel 
for  w’cldsd  structures  sliould  hav'c  a  low  criti¬ 
cal  temperature  Tr  and  an  NC  curve  with  the 
smallest  possible  steepness. 

The  importance  of  the  temparature  T.  will 


appear  more  clearly  when  it  has  now  been  ex¬ 
perimentally  proved  that  below  this  temperature 
welding  stresses  may  have  a  most  detrimental 
influence  on  the  stability  of  a  welded  struc¬ 
ture,  while  they  at  temperatures  above  Tc  do 
not  seem  to  have  the  same  serious  effect,  if 
any.  A  detailed  discussion  of  the  effect  of 
welding  stresses®"’”®  should  not  be  repeated 
here  but  only  exemplified  by  Fig.  34.  It  shows 
that  under  influence  of  welding  stresses  the 
part  of  the  NC  curve  below  Tc  has  no  practical 
importance.  Consequently,  below  this  tem¬ 
perature  only  the  stress  level  necessary  for 
propagation  of  a  brittle  fracture  has  to  be  con¬ 
sidered,  while  an  initiation  of  such  a  fracture 
may  be  caused  by  any  service  load  added  to 
residual  welding  stresses,  if  the  total  stress 
level  will  then  reach  the  actual  NC  curve  at  a 
certain  temperature. 

kg^mm^ 


*C 


nc.  trrecT  or  vviu-DiNc;  stres.^fs  on 

THK  NC‘  DIAGRAM.  THi;  PART  Of  THC  NC  CURVi: 
Or.LOW  THi:  TCMPERATURE  T  (THS:  INTCRRIIC  - 
TION  POINT  BlT'ATuN  THi:  N^’C'  C'lJRVK  AND  THK 
Yirt-D  .tTHENGTH  CURVSDWH.l,  NO  LONGRR 
Dtl.tT  AND  THIS  PART  OP  THP  CURM;  WH.l.  BP 

miPDUtrD  BY  A  cusvi:.  which  show.<  th:-: 

CRITICAL  STRESS  l.C.-pL  ITiR  PROPAGATION  Or 
ABitlTTU:  PRACiTURE.  APP.  B. 


Th*,':  can  -ilso  expressed  by  s.aytng  that 
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residual  stresses  alone,  caused  for  example  by 
welding,  can  reach  a  level  high  enough  for 
initiation  of  a  brittle  fracture,  while  such  a 
fracture  will  never  propagate,  if  the  nominal 
stress  leve'  due  to  service  load  is  not  suf¬ 
ficient.  Hence,  if  a  brittle  fracture  has  be¬ 
come  initiated  due  to  residual  welding  stresses 
it  will  run  through  the  structure  only  so  far  a 
distance  that  will  be  permitted  by  the  energy 
release  and  the  area  under  influence  of  weld¬ 
ing  stresses,  the  so-called  deadening  dis¬ 
tance.’^ 

In  order  to  complete  this  way  of  considering 
brittle  fractures  in  steel  with  respect  to  stress 
levels,  the  interpretation  may  be  extended  to 
include  the  possibilities  for  a  steel  to  act  as  a 
crack  arrester  also  below  the  transition  tem¬ 
perature  Tc  .  Without  going  into  details  this 
can  be  summarized  by  saying  that  the  stress 
level  caused  by  service  loads  in  relation  to 
the  nominal  cleavage  strength  of  the  steel  is 
the  factor,  which  is  determining  the  crack  ar¬ 
resting  properties  of  a  steel  below  Tc.  If  the 
service  stress  is  close  to  the  nominal  cleavage 
strength  at  the  temperature  in  question,  the 
crack  arresting  effect  is  small  and  the  deaden¬ 
ing  distance  of  the  crack  considerable.  If,  on 
the  other  hand,  the  nominal  stress  acting  on 
the  structure  is  lower  or  only  a  little  above 
the  (Tcp  -level  the  crack  may  be  arrested  also 
below  Tf  . 

This  statement  can  be  applied  also  to  the 
behavior  of  a  fracture  when  it  is  running 
through  a  structure,  passing  wolds  and  plates. 
In  and  around  welded  joints  the  stress  level  is 
always  relatively  high,  while  the  nominal  serv¬ 
ice  stress  in  parts,  which  are  not  influenced 
by  welding  stresses,  may  bo  rather  low.  Con¬ 
sequently  the  energy  absorption  will  also  be 
very  low,  when  the  craci;  passes  through  a 
welded  joint  where  the  chevron  pattern  of  the 
fracture  surface  is  not  very  distinct-  A  higher 
degree  of  energy  absorption  will  bo  found  when 
the  crack  runs  through  parts  of  the  structure, 
which  are  subject  to  a  low- stress  level  and 
the  fracture  surface  shows  a  pronounced  chev¬ 
ron  pattern.  The  pattern  will  become  still 
more  pronounced  when  the  propagation  rate  of 
the  crack  is  decreasing.  The  conditions  for 
propagation  of  a  brittle  fracture  through  a 
structure  must  therefore  be  dependent  upon  a 
combined  effect  of 

1 .  the  energy  contents  of  tlie  propagating 
fracture. 


2.  the  nominal  cleavage  strength  of  the  steel, 

3.  the  (To  p- level  of  the  stee-1, 

4.  the  total  stress  level  In  the  structure,  com¬ 
bined  by  the  nominal  service  stress  and 
residual  stresses. 


The  function  stability  of  a  welded  struc¬ 
ture  is  determined  by  two  factors, 

1 .  the  conditions  necessary  for  initiation  of  a 
fracture, 

2.  the  conditions  necessary  for  propagation  of 
a  brittle  fracture. 

The  conditions  to  be  fulfilled  for  Initiation 
of  a  fracture  is  a  total  nominal  stress  exceed¬ 
ing  the  nominal  cleavage  strength,  and  a  tem¬ 
perature,  which  is  below  the  critical  tempera¬ 
ture  Tc .  For  propagation  of  a  brittle  fracture 
the  corresponding  conditions  are  a  nominal 
stress  higher  than  the  one,  which  is  critical 
for  brittle  fracture  propagation  and  a  tempera¬ 
ture  below  the  upper  transition  temperature  Tj. 


It  must  be  underlined  once  more  that  an 
initiation  of  a  fracture  according  to  the  nominal 
cleavage  strength  diagram  necessarily  needs 
a  very  sharp  notch,  i.e.  normally  a  natural 
crack.  What  is  generally  called  a  sharp  notch, 
e.g.  a  Charpy  V-notch  is  not  sufficiently  sharp 
to  illustrate  the  nominal  cleavage  strength  of 
a  steel. 


With  the  background  given  it  is  now  pos¬ 
sible  to  describe  how  welded  joints  will  offer 
various  degrees  of  function  stability  to  a  weld¬ 
ed  structure.  The  expressions  unconditional 
and  conditional  unstabiUtv,  motastablUty , 
quasi  stabtlitv  and  stability  will  be  used. 

Thus 

a.  provided  that  iivitlation  as  well  as  propa¬ 
gation  of  a  brittle  fracture  can  take  place,  the 
structure  is  unconditionally  unstable. 

b.  provided  that  propagation  but  not  initiation 
of  a  brittle  fracture  can  take  place  the  slruc- 


ture  is  metastable,  i.e.  in  practice  function 
stable  on  static  ("resting")  notch  effects  (and 
of  course  in  the  absence  of  such  effects)  but 
conditionally  unstable  on  dynamic  notch  ef¬ 
fects  (i.e.  in  the  latter  case  when  attacked 
by  a  running  brittle  fracture  from  surrounding 
parts  of  the  structure), 

c.  provided  depending  conditions  for  propaga¬ 
tion  but  not  for  initiation  exist  the  structure  is 
quasi  stable  (see  below)  and 

d.  provided  conditions  neither  for  initiation, 
nor  for  propagation  exist  the  structure  is 
stable. 

The  above-mentioned  statements  a-d  need 
some  comments.  In  the  presence  of  a  sharp 
notch  such  as  a  crack  or  a  similar  defect  in  a 
part  of  the  structure  the  circumstances  shown 
by  Fig,  35-36  are  in  principle  valid.  This  can 
be  exemplified  by  the  following: 

An  unconditionally  unstable  part  of  a  struc¬ 
ture  may  be  where  hot  cracks,  hardening  cracks, 
flakes,  shrinkage  cracks  or  the  like  have  form¬ 
ed,  the  nominal  service  stress  of  which  at  cer¬ 
tain  service  temperatures  exceeds  the  nominal 
cleavage  strength  ffc  p  in  material  free  from  re¬ 
sidual  stresses  (=  the  area  L  in  Fig.  35)  and 
impact  loads  cannot  be  excluded. 

On  sufficiently  high  residual  stresses,  for 
instance  welding  stresses,  the  part  of  the 
welded  structure  is  unconditionally  unstable 
already  if  it  is  subject  to  temperatures  below 
Tf  and  a  service  load  is  not  necessary  for  ini¬ 
tiation  or  propagation  of  a  brittle  fracture  (= 
the  area  L  in  Fig.  36). 


A  metastablo  part  of  a  structure  is  illus¬ 
trated  by  M  in  Fig.  5-36.  In  this  case  the 
nominal  stress  is  lower  than  the  O^-curve  ard 
the  presence  of  “rosling"  crack  notches 
("static-notch  effect")  will  not  lead  to  any 
brittle  fracture  risk.  The  area  M  ol  l»th  dia¬ 
grams  oxcQods,  however,  the  tfr»-curvo  (=  the 
nominal  stress  necessary  for  brittle  fracture 
propagation,  "continuous  Initiation").  On 
"dynamic-notch  effect",  l.o.  if  the  part  of  the 
structure  will  become  attacked  by  a  running 
brittle  fracture,  stresses  within  the  area  M  are 
sufficiently  high  for  the  fracture  to  pioceod. 
The  metastability  will  then  change  Into  un- 
stabiUty,  but  this  Is  comilttonal.  Since  there 
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HG.  35.  COMPLETE  NC  DIAGRAM.  WHICH 
SHOWS  IN  PRINCIPLE  THE  YIELD  STRENGTH. 

THE  NOMINAL  CLEAVAGE  STRENGTH  (BOTH  AS 
STRAIGHT  LINES  IN  THE  LOGARITHMIC  STRESS 
SCALE) AND  THE  AREAS  WITH  VARIOUS  STABILITY 
ACCORDING  TO  THE  TEXT.  THIS  DIAGRAM  REP¬ 
RESENTS  THE  STRESS  REUEVED  CONDITION  OF 
A  STEEL.  FURTHER  SYMBOLS  REPRESENT  YIELD 
STRENGTH  (O'  ).  NOMINAL  CLEAVAGE  STRENGTH 
(Cr  ).  CRITICifL  PROPAGATION  STRESS  FOR  BRIT- 
TlS  fractures  (IT  ).  LOWER  TRANSITION  TEM¬ 
PERATURE  (T  )ANtf^PPER  TRANSITION  TEMPER¬ 
ATURE  (T  ).  ^  APP.  B. 
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fig.  56.  SAME  TYPE  OF  DIAGRAM  AS  IN  HG.  35 
BUT  REPRESENTING  A  STEEL  UNDER  THE  INFLU¬ 
ENCE  OF  iUISIDUAL  WEIDING  .5TRE.SSES.  THE 
AREAS  OF  VARIOUS  STABILITY  ARE  MARKED  ,\C- 
CORDING  TO  THE  TEXT.  FURTHER  SYMBOLS  RE¬ 
PRESENT  YIELD  STRENGTH  (CT,).  NOMINALCLEA- 
VAGE  STRENGTH  (O'  ).  CRITICAL  PROPAGATION 
STRESS  FOR  BRITTLE  FRACTURE  (C  I.  LOWER 
TRANSITION  TEMPERATURE  (T  1  AN^  UPPER 

TRANSITION  TEMPERATURE  t?).  APP.  B. 

s  — 
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is  always  a  certain  arrest  effect  on  a  brittle 
fracture  on  nominal  stress  levels  lower  than 
Cc  (caused  by  a  small  but  still  plastic  deforma¬ 
tion  adjacent  to  the  fracture  surfaces)  the  un¬ 
stability  will  depend  on  the  energy  contents  of 
the  fracture  and  the  stress  level  within  the  area 
M.  The  higher  these  are  the  more  the  unsta¬ 
bility  will  approach  the  unconditional  one  (the 
Cc-level).  Even  if  a  certain  crack-arresting 
effect  caused  by  energy  absorption  within  the 
area  M  will  take  place  in  connection  with  a 
brittle  fracture,  one  must  always  use  the  terms 
metastability  and  unstability  for  such  stress 
levels,  since  the  deadening  distance  is  always 
considerable,  if  a  brittle  fracture  has  once  be¬ 
come  initiated. 

The  term  "quasi  stability"  is  used  as  an 
expression  for  a  stability  that  is  not  quite  true 
and  complete. 

A  quasi  stable  part  of  a  structure  (stress 
and  temperature  area  K  in  Fig.  35-36)  is  such 
a  part,  which  theoretically  should  be  stable 
because  of  the  fact  that  the  nominal  stress  is 
below  the  O-t -level,  but  which  is  subject  to 
such  a  low  temperature  that  considerable  fail¬ 
ures  may  still  occur  through  a  sudden  brittle- 
fracture  attack.  One  can  imagine  a  welded 
joint  in  which,  owing  to  welding  stresses  and 
a  notch  effect,  a  brittle  fracture  has  become 
initiated.  Let  us  further  assume  a  low  nominal 
stress  in  surrounding  parts  (below  0.,).  Under 
these  conditions  the  surrounding  parts  are 
quasi  stable.  The  crack  will  not  propagate 
further  than  the  doadoning  distarce,  but  t.us 
distance  depends  upon  the  energy  release  in 
connection  with  the  initiation.  This  c.an  sel¬ 
dom  be  foreseen  and  the  quasi  stable  state  is 
nothittg  to  roly  upon.  A  practical  exampk  is  a 
welded  structure  with  a  heavy  plate  thickness 
under  fabrication.  Should  a  brittle  'ractur** 
become  luitlatod  m  .in  almost  ITnis  ud  wild 
caused  by  woldlfig  stresses  and  defects,  the 
d»}adoning  distance  wlP  be  long  baceuse  of  the 
high-enorgy  release  and  the  whale  structure 
may  ba  spoiled  In  spite  of  no  additional  serv¬ 
ice  load.  However,  ihould  a  corresponding 
fracture  occur  in  the  etnicture,  but  at  the  br- 
ginning  of  the  welt.ng,  the  deadening  di-stance 
may  be  only  an  inch  or  two.  Consequently  the 
brittle  fracture  will  l»como  arrested,  slnotr 
tlicrc  is  no  service  load  acting  as  a  driving 
force . 

In  l»th  cases  the  parts  around  the  welded 
{oint  are  guast  stable,  s.o.  theoretically 


stable,  but  the  condlti-ins  in  connection  with 
the  initiation  of  the  fracture  which  may  cause 
this  stability  under  practical  circumstances  Is 
not  quite  true  and  couiplete. 

One  may  now  rci.irn  to  a  publication  by 
Kochenddrffer  and  Scholl.*  Also  the  NC- 


FIG.  37.  THRi.E -DIMENSIONAL  NC  DIAGRAM. 
WHICH  SHOWS  IN  PRINCIPLE  THE  CONDITIONS 
FOR  BRITTLE  FR/XCTURE  INITIATION  VS.  STRESS 
(LOGARITHMIC  SCALE),  TEMPERATURE  AND 
.'.’OTCH  R.ADIUS.  FURTHER  SYMBOLS  REPRESENT 
TIEIX)  STRENGTH  (O'. )  AND  NOMINAL  CLEAVAGE 
•STRENGTH  (C^).  APP.  B. 

testing  results  can  be  illustrated  by  the  throe- 
dimer  sional  diagrams  schematically  shown  in 
Fig.  37.  This  diagram  with  a  logaritfimic  scale 
on  the  vertical  stress  a.xis  shows  the  yield 
strength  .ind  the  cleavage  strength  planes  and 
haw  they  are  depending  of  the  third  variable, 
the  notch  effect. 
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very  small  effect  only  on  mechanical  and  im¬ 
pact  properties.  Within  these  limits  it  did  not 
seem  to  affect  the  precipitation  itself. 


APPENDIX  C 

SUMMARY  OF  RECENT  INVESTIGATIONS 

The  result  of  additional  investigations*  on 
the  properties  of  niobium- (columbium)  treated 
mild  steel  can  be  summarized  in  the  following: 

1.  The  solubility  of  niobium  in  austenite 
could  approximately  be  expressed  by  the  equa¬ 
tion 

log  (%  Nb)  (%  C)  =  -2500/T  -  0.63 

For  example  with  0.20%  C  the  solubility  at  a 
normal  reheating  temperature  (2200 ’F)  is 
slightly  above  0.02%  Nb. 

2.  The  increased  strength  could  be  mainly 
attributed  to  the  precipit<,  .on  of  niobium, 
probably  as  carbide,  with  its  maximum  effect 
at  1200“^.  Coarse  precipitates,  which  re¬ 
mained  undissolved  during  soaking,  did  not 
contribute  to  any  significant  extent  to  mechan¬ 
ical  properties. 

3.  The  transition  temperature  was  raised 
mainly  because  of  precipitation  hardening. 

4.  Annealing  at  temperatures  above  1200*F 
caused  softening  because  of  coarsening  of  the 
precipitate.  The  effect  of  precipitation  har¬ 
dening  on  mechanical  and  impact  properties 
disappeared  after  annealing  at  about  14S0’F. 

Hardness  increase  after  quenching  H-om 
solution  treatment  tomporaturos  and  subse¬ 
quent  annealing  at  iZOO'F  was  4-*>  times 
higher  than  after  continuous  cooling.  This 
indicates  that  during  contniuous  cooling  some 
preapiiation  occurs  at  higher  tempoiatures. 

No  significant  praeipiiation.  however,  was 
observed  m  the  austenite  when  all  niobium 
was  Isoughi  into  solution.  When  part  of  the 
prccipiuic  remalnod  undissolved,  some  dis¬ 
solved  niobium  was  precipitated  also  in  the 
austenite. 

6.  Cooling  rate  in  the  range  20*  to  IW'lY 
min,  measured  between  1290*  and  I150*r,  hod 


•do  Kaeincay.  f-.  Axnas,  A.,  and  Pachleit- 
nor.  P.,  "Some  properties  of  niobium- 
ueatod  mild  steel,"  fornkomotets  Annalcr. 
147:4  (1963).  p.  408. 


7.  Precipitated  niobium  inhibited  austenite 
grain  growth  up  to  higher  temperatures  than  is 
normally  observed  in  aluminum-killed  steels. 
Normalized  niobium-treated  steel  retained  its 
mechanical  and  impact  properties  after  over¬ 
heating  up  to  about  1900°F. 

8.  The  ferrite  grain  size  of  normalized 
niobium-treated  steel  was  on  an  average  ASTM 
No,  10.3,  which  is  smaller  than  of  normal 
aluminum-treated  steels.  The  fine  grain  size 
resulted  in  increased  yield  stress  and  improved 
notch  ductility,  with  a  Charpy-V  20  ftdb  tran¬ 
sition  temperature  around  -30 °F. 

9.  According  to  an  investigation  by  Ronn**, 
dissolved  niobium  retarded  the  transformation 
into  pre-eutectoid  fenite  and  pearlite — the 
former  resulting  in  a  marked  tendency  to 
Widmanstatten  structure  formation  in  continu¬ 
ously  cooled  steel.  Notch  ductility  is  im¬ 
paired  if  the  structure  contains  substantial 
amounts  of  Widmanstatten  ferrite. 

10.  In  the  same  investigation  niobium  was  not 
found  to  have  any  substantial  effect  on  the 
transformation  into  bainite.  The  bainite  forma¬ 
tion  occurs  as  in  the  corresponding  base  alloy 
without  any  niobium  addition. 

11 .  Rolling  temperature  botwO''a  1470*  and 
1830*F  did  not  affect  mechanical  and  impact 
properties  when  the  reheating  temperature  be¬ 
fore  rolling  was  2370*r,  A  beneficial  effect 
of  low  rolling  temperatures  (controlled  rolling) 
on  impact  properties,  however,  was  observed 
with  a  reheating  temporaturo  of  2200 ’F.  In  the 
former  case  tlio  entire  structure  esmsisted  of 

Widmanstatten  leniie  and  bainite  or  pearlite  at 
ail  rolling  temperatures.  In  the  latter  case  the 
major  pan  of  the  ferrite  was  cquiaxed.  and  the 
occurrence  of  Widmanstatten  ferrite  decreased 
With  doereasing  rolling  temperature.  U  is 
therefore  believed  that  the  beneficial  effect  of 
controlled  rolling  can  mainly  bo  aiinbuiod  to 
the  formation  of  smaller  austenite  grains,  and 
that  iho  presence  of  some  undissolved  precipi¬ 
tate  IS  a  condition  for  this  to  occur. 


L.  Ronn,  Graduate  Thesis  Work  at  the  Royal 
Institute  of  rochnofogy,  Stockholm,  1962. 
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IZ.  The  addition  of  small  amounts  of  Cr  and 
Mo  to  niobium-treated  si*-'’!  increases  the  aus¬ 
tenite  grain  size,  whereas  the  addition  of  Al  or 
Ti  decreases  it.  This  was  reflected  among 
other  things  in  decreased  yield/tensile  ratio  in 
the  former  case,  and  in  increased  ratio  in  the 
latter  one,  both  in  the  as-rolled  and  normalized 
condition.  Notch  ductility  was  affected  in  the 
same  manner. 


Finally,  promising  results  have  been  ob¬ 
tained  on  investigating  more  complex  micro¬ 
alloy  steels  of  increased  strength  in  which 
niobium  is  one  of  the  micro- alloying  elements. 
Still  more  promising  experiences  as  to  the  pos¬ 
sibility  of  reaching  considerably  higher  strength 
levels  of  micro-alloy  steels  after  proper  heat 
treatment  have  appeared,  but  for  the  present  it 
is  too  early  to  report  any  details. 


li.  The  critical  stress  foi  brittle-fracture 
initiation  according  to  the  Orowan  concept  was 
decreased  bv'  niobium  in  the  as-rolled  condition, 
but  was  restored  after  strain-agmg  or  normal¬ 
izing.  Niobium-trc-ated  steels,  finished  in  the 
higher  temperature  range,  did  not  exhibit  a 
Liiders  strain  and  revealed  virtually  no  differ¬ 
ence  between  upper  and  lower  yield  points. 

This  phenomenon  also  disappeared  after  strain¬ 
aging  or  normalizing.  Increased  density  of 
mobile  dislocations  in  the  as-rolled  condition 
is  offered  as  a  common  explanation. 

14.  Niobiu"'  delays  strain-aging  in  the  tem¬ 
perature  range  of  nitrogen  aging  by  a  time  factor 
of  4  both  in  the  as-rolled  and  normalized  con¬ 
dition.  The  maximum  increase  in  yield  stress 
was  also  somewhat  reduced.  A  pos.sible  e.\- 
pianation  is  that  some  nitrogen  is  pn  cipitated 
with  niobium,  thus  reducing  the  content  of 
dissolved  nitrogen. 

In  an  aduiti  >nal  inv<.'.'itige.tion  by  Naron  an,i 
do  Kazinczy  pcvious ly  mentioned  in  the 
paper,  the  embrittlement  of  various  ste.  Is  up ’u 
stress  relieving  m  the  lempka  uur--  rang-  l»'- 
twoenvjii*  I ,;uii 'p  wa,-.  stuaud.  Is  wa: 

found  that  the  Charpy-V  ttaasition  lempeiature 
of  a  seniikiUed  nirmahxed  ni  d  uim-ste.iseti 
steid  increose  '  less  than  shat  of  aluminum- 
treated  ‘■'....•i;  -the  hff-’rence  bv-’  •  isicu- 
Uiriy  ptonouiKeu  .uier  antiealns;  s  u  Z4  nr  at 
iznn»  ,jiid  Ut'hi'r. 

i'urther  .idd.isi -inal  inve;iugatior\;i  have 
p<‘r<‘'rmett  ronc.'rning  she  weldability  of 
niobium-tre  itod  steel;;.  These  inver.tigatlon;. 
include  a  great  nutrtber  af  various  vxsretimcntg, 
in  lal-totatory  scale  as  vveU  as  with  the  steel  m 
lull-scale  vveidsng  produ.itian .  They  may  U* 
summ.onzed  by  the  r-latctncn*.  thvai  tire  welda- 
bllilv  of  ni  ibuim-tfoated  steel;,  within  the  eom- 
positioe.  t-iirif'-s  mioiiionod  sn  th<?  paper  h.rf- 
jH  ryeti  to  b-  .superior  to  carWon-manganese 
f.te<  h.  and  even  pboin  carlKur  r,te<-l,'-.  in  pl-tie 
thicsr.e;. ;.e  r-  ■  guivalent  in  strength. 


Our  present  feeling  concerning  the  appli¬ 
cation  of  micro-alloy  steels  for  welded  struc¬ 
tures,  and  particularly  with  regard  to  those  in 
which  niobium  alone  is  the  micro-alloy  addi¬ 
tion,  is  rather  optimistic  as  to  the  strength 
levels  discussed  In  the  paper  as  well  as  to 
micro-alloy  steels  with  still  higher  strength. 
This  can  be  illustrated  by  a  diagram  showing, 
in  principle,  the  relation  between  yield 
strength  and  weldability  for  various  steel 
groups: 
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Thv  diagram  slows  .ippr-'xima'.c ly  th*'  yield 
stfenglh  rang"';;  ovofutl  by  plain  carKin  sleds, 
C'-Mi'.'Sled-.,  vitiau;.  micro-.illay  slcels  and 
low- allay  ;:leds  far  weiUvd  sUiutun  S.  ‘>11  in- 
crca.Kini)  sitengih  wutan  e.ich  <ir-uip  a(  steel;;, 
the  weld.ibthl V  Will  beeMme  impaued.  tn.iinly 
boc-uise  a{  higher  catban  eaniiatr-  and- at  con¬ 
tents  -a(  allaytng  <>U'ments,  i.e.  due  t  i 

increased  iiardenabiUty.  This  will  imply,  ,'at 

c  ■inpi.ata!  le  ■dret>gt’i  level;;  a(  twa  r.?e<-l 

gioups,  that  It  ts  favdtabU-  fmm  weld.ilility 
fs'int  of  View  to  choose  she  sieel,  vvhich  will 
foUillthe  s-trength  spiecificatians  withri  the 
(fivyef  fMt*  af  the  pissible  S.tren^th  t.SlVde  af  thi- 
Ofoup  tatix't  tha;i  ,1  steel  tfi.n  has  l  '  be  ehtpes. 
Within  the  ub'l>ei  jiatt  of  its  raivge  for  the  same 

r.tfenoth.  Hence  thepe  ip  ot-viousi  *  a  d  tad 
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deal  to  be  gained  by  using  a  micro-alloy  steel 
rather  than  a  C-Mn"-steel  as,  for  example, 
high-strength  ship  steel,  provided  the  latter 
has  to  be  produced  with  carbon  and  manganese 
contents  very  close  to  the  acceptable  maximum 
figures  to  be  permitted  for  welding.  A  micro¬ 
alloy  steel  with  corresponding  yield  strength 
but  lower  in  carbon  and  manganese  will  cer¬ 
tainly  withstand  much  more  rough  treatment 
in  the  shipyard. 

APPENDIX  D 

EXTRACT  OF  INVESTIGATION  FOR  THE  OFFICIAL 
APPROVAL  OF  COLUMBIUM  MICRO- ALLOY  STEEL 
AS  PRESSURE  VESSEL  MATERIAL  ACCORDING  TO 
REQUIREMENTS  OF  SWEDISH  AUTHORITIES 

The  Swedish  authorities  have  approved  the 
use  of  columbium  micro-alloy  steel  in  the 
sibcon-killed  and  normalized  condition  for  use 
m  pressure  vessels  and  an  extensive  investi¬ 
gation  has  been  performed  for  this  approval. 

The  Figures  3a-‘i8  show  some  results,  which 
may  complete  the  foregoing  report  with  respect 
to  impact  strength,  weldability  and  yield 
strength  at  elevated  temperatures,  representa¬ 
tive  for  this  type  of  steel.  Various  heats  of 
columbium  micro-alloy  steel  were  investigated 
and  the  one  represented  by  tho  Figures  iU-'IS 
had  tho  following  composition; 

C0.16  Si  0.32  Mil  1.42  PQ.026  S  0.017 

Cb  0.026 


kgm/Gm^ 


FIG.  38.  CHARP^’  V-NOTCH  IMPACT  CURVE  FOR 
25  mm  PI  ATE  THICKNESS.  APP.  D. 


YS  kq/mm^ 


IIG.  J9.  VTEID  .STSCNGTH  VERSUS  TEMPERATURE  FOR  A  N08MAU2ED  fUUCON-KitlEU 
COLUMBIUM  STEEL  ACCORDING  TO  APP.  D. 
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HG.  44.  HEAT  AFFECTED  ZONE  CLOSE  TO  FU¬ 
SION  LINE  OF  A  WELD  (4  mm  ELECTRODE  DIAME- 
TER)AS  A  ONE-LAYER  BEAD  ON  50  mm  PLATE 
THICKNESS.  NO  PREHEATING.  MAXIMUM  HARD¬ 
NESS  ABT .  325  HV.  APL^  500  X 


HG.  46.  OBSERVATION  IN  THE  ELECTRON  Kil- 
C  Rose  OPE  REVEALS  THAT  THE  DENSER  PARTS 
OF  THE  MICRO-STRUCTURE  IN  HGURES  41  AND 
45,  WHICH  ON  NORMAL  LIGHT  MICROSCC'PE 
LOOK  AS  MARTENSITE.  ACTUALLY  IS  A  TYPE  OF 
LOW-TEMPERy\TURE  BAINITE.  APP.  D. 
ELECTRON  MICROGRAPH  12.  000  x. 


HG.  45.  HEAT  AFFECTED  ZONE  CLOSE  TO  FUSION  LINE  OF  A  WELD  (4  mm  ELECTRODE  DIAMHER) 
AS  A  ONE-LAYER  BEAD  ON  50  mm  PLATE  THICKNESS.  NO  PREHEATING.  MAXIMUM  HARDNESS  .ART. 
325  HV.  APP.  D.  1000  x 


IV 


riG.  -17.  IN  THE  ELECTRON  MICROSCOPE  THE  COARSER  PARTS  OP  THE  MICRO-STRUC¬ 
TURE  IN  THE  riG  44  AND  4^  ARE  REVEALED  AS  A  HIGH  TEMPCRATUriL  BAINITE.  APP, 
ELECTRON  MICROGRAPH  U.OOOx 


KV,  kgm/cm^ 


no.  48.  CHARPY  V-NOTCH  IMPACT  CURVE  FOR  SO  mn>  PLATE  THICKNESS*  APP*  1>. 


